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Vorbemerkung 
Die vorliegende publikationsbasierte Dissertation ist in der Schnittstelle der Sport- und Be-
wegungswissenschaft, Geriatrie und Gerontologie sowie Robotik einzuordnen und geht aus 
den internationalen, multizentrischen und interdisziplinären Forschungsprojekten „MOBOT“ 
(„Intelligent Active MObility Aid RoBOT Integrating Multimodal Communication“, Laufzeit: 
Februar 2013 – November 2016) und “I-SUPPORT” („ICT-Supported bath robots”, Laufzeit: 
März 2015 – Februar 2018) hervor. Beides sind von der Europäischen Kommission geför-
derte Kooperationsprojekte mehrerer europäischer Institutionen, in denen die Forschungs-
abteilung des AGAPLESION BETHANIEN KRANKENHAUS HEIDELBERG / Geriatrisches 
Zentrum am Klinikum der Universität Heidelberg unter Leitung von Herrn Prof. Dr. Klaus 
Hauer jeweils als klinischer Partner an der nutzerorientierten Entwicklung und Evaluation 
eines robotergestützten Rollators (MOBOT) bzw. eines Duschroboters (I-SUPPORT) für 
ältere Menschen mit funktionellen Einschränkungen beteiligt war.  
Der Verfasser dieser Arbeit war im Rahmen dieser Projekte maßgeblich beteiligt an der 
Konzeption und Planung, an der praktischen Durchführung und Koordination sowie an der 
Datenerhebung und -analyse der verschiedenen Studien zur Evaluation der entwickelten 
Assistenzrobotern bei potentiellen Nutzern1. Über den Verlauf beider Projekte war er zudem 
gemeinsam mit Herrn Prof. Hauer federführend an der Erstellung von Zwischen- und Ab-
schlussberichten („Deliverables“) für den Fördermittelgeber beteiligt. 
Die Ergebnisse der Vorarbeiten und selbst durchgeführten Evaluationsstudien wurden 
vom Verfasser auf nationalen und internationalen wissenschaftlichen Kongressen der fach-
lichen Öffentlichkeit zur Diskussion vorgestellt (siehe S. 79 ff.). 
Das in gemeinsamer Erstautorschaft mit Phoebe Ullrich erstellte Manuskript I zur syste-
matischen Literaturanalyse des methodischen Vorgehens bisheriger Evaluationsstudien ro-
botergestützter Rollatoren aus der Nutzerperspektive wurde von der europäischen Fach-
zeitschrift Gerontology (Karger Publishers, Basel, Switzerland) als „Editor’s Choice – Free 
Access“ ausgezeichnet und in diesem Zusammenhang vom Herausgeber online frei zu-
gänglich publiziert.  
                                                                                                                                      
1 Aus Gründen der besseren Lesbarkeit wird in der vorliegenden Dissertationsschrift auf die gleichzeitige Ver-
wendung weiblicher und männlicher Sprachformen verzichtet und das generische Maskulinum verwendet. An 
dieser Stelle sei jedoch explizit darauf hingewiesen, dass sämtliche Personenbezeichnungen (z. B. Studienteil-
nehmer, Patient) gleichermaßen für beiderlei Geschlechter gelten. 
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Kurzdarstellung 
Ziel der vorliegenden Arbeit ist die nutzerorientierte Evaluation zweier Prototypen für alters-
gerechte Assistenzroboter zur Unterstützung von Alltagsaktivitäten („Ambient Assisted 
Living“ [AAL]-Roboter) bei älteren Menschen mit funktionellen Einschränkungen. Bei den 
Prototypen handelt es sich dabei um (1) einen robotergestützten Rollator zur Unterstützung 
der Mobilität (MOBOT) und (2) einen Assistenzroboter zur Unterstützung von Duschaktivi-
täten (I-SUPPORT).  
Manuskript I dokumentiert eine systematische Literaturanalyse des methodischen Vor-
gehens bisheriger Studien zur Evaluation robotergestützter Rollatoren aus der Nutzerper-
spektive. Die meisten Studien zeigen erhebliche methodische Mängel, wie unzureichende 
Stichprobengrößen/-beschreibungen; Teilnehmer nicht repräsentativ für die Nutzergruppe 
der robotergestützten Rollatoren; keine geeigneten, standardisierten und validierten Asses-
smentmethoden und/oder keine Inferenzstatistik. Ein generisches methodisches Vorgehen 
für die Evaluation robotergestützter Rollatoren konnte nicht identifiziert werden. Für die 
Konzeption und Durchführung zukünftiger Studien zur Evaluation robotergestützter Rolla-
toren, aber auch anderer AAL-Systeme werden in Manuskript I abschließend Handlungs-
empfehlungen formuliert. 
Manuskript II analysiert die Untersuchungsergebnisse der in Manuskript I identifizierten 
Studien. Es zeigen sich sehr heterogene Ergebnisse hinsichtlich des Mehrwerts ihrer inno-
vativen Assistenzfunktionen. Im Allgemeinen werden die robotergestützten Rollatoren als 
positiv von den Nutzern wahrgenommen. Die große Heterogenität und methodischen Män-
gel der Studien schränken die Interpretierbarkeit ihre Untersuchungsergebnisse stark ein. 
Insgesamt verdeutlicht Manuskript II, dass die Evidenz zur Effektivität und positiven Wahr-
nehmung robotergestützter Rollatoren aus der Nutzerperspektive noch unzureichend ist. 
Basierend auf den Erkenntnissen und Handlungsempfehlungen der systematischen Li-
teraturanalysen aus Manuskript I und II wurden die nutzerorientierten Evaluationsstudien 
des MOBOT-Rollators konzipiert und durchgeführt (Manuskript III-VI).  
Manuskript III überprüft die Effektivität des in den MOBOT-Rollator integrierten Naviga-
tionssystems bei potentiellen Nutzern (= ältere Personen mit Gangstörungen bzw. Rollator 
als Gehhilfe im Alltag). Es liefert erstmals einen statistischen Nachweis dafür, dass eine 
solche Assistenzfunktion effektiv ist, um die Navigationsleistung der Nutzer (z. B. geringer 
Stoppzeit, kürzere Wegstrecke) – insbesondere derjenigen mit kognitiven Einschränkun-
gen – in einem realitätsnahen Anwendungsszenario zu verbessern. 
Manuskript IV untersucht die konkurrente Validität des MOBOT-integrierten Ganganaly-
sesystems bei potentiellen Nutzern. Im Vergleich zu einem etablierten Referenzstandard 
(GAITRite®-System) zeigt es eine hohe konkurrente Validität für die Erfassung zeitlicher, 
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nicht jedoch raumbezogener Gangparameter. Diese können zwar ebenfalls mit hoher Kon-
sistenz gemessen werden, aber lediglich mit einer begrenzten absoluten Genauigkeit.  
Manuskript V umfasst die nutzerorientierte Evaluation der im MOBOT-Rollator integrier-
ten Assistenzfunktion zur Hindernisvermeidung und belegt erstmals die Effektivität einer 
solchen Funktionen bei potentiellen Nutzern. Unter Verwendung des für den MOBOT-Rolla-
tor neu entwickelten technischen Ansatzes für die Hindernisvermeidung zeigten die Teil-
nehmer signifikante Verbesserungen bei der Bewältigung eines Hindernisparcours (weni-
ger Kollisionen und geringere Annäherungsgeschwindigkeit an die Hindernisse).  
Manuskript VI dokumentiert die Effektivität und Zufriedenheit mit der Aufstehhilfe des 
MOBOT-Rollators von potentiellen Nutzern. Es wird gezeigt, dass die Erfolgsrate für den 
Sitzen-Stehen-Transfer älterer Personen mit motorischen Einschränkungen durch die Auf-
stehhilfe signifikant verbessert werden kann. Die Ergebnisse belegen zudem eine hohe 
Nutzerzufriedenheit mit dieser Assistenzfunktion, insbesondere bei Personen mit höherem 
Body-Mass-Index. 
Manuskript VII untersucht die Mensch-Roboter-Interaktion zwischen dem I-SUPPORT-
Duschroboter und seiner potentiellen Nutzer (= ältere Personen mit Problemen bei Ba-
den/Duschen) und überprüft deren Effektivität sowie Zufriedenheit mit drei unterschiedlich 
autonomen Betriebsmodi. Die Studienergebnisse dokumentieren, dass sich mit zunehmen-
der Kontrolle des Nutzers (= abnehmende Autonomie des Duschroboters) nicht nur die Ef-
fektivität für das Abduschen eines definierten Körperbereichs verringert, sondern auch die 
Nutzerzufriedenheit sinkt. 
Manuskript VIII umfasst die Evaluation eines spezifischen Nutzertrainings auf die gesten-
basierte Mensch-Roboter-Interaktion mit dem I-SUPPORT-Duschroboter. Es wird gezeigt, 
dass ein solches Training die Ausführung der Gesten potentieller Nutzer und sowie die 
Gestenerkennungsrate des Duschroboters signifikant verbessern, was insgesamt auf eine 
optimierte Mensch-Roboter-Interaktion in Folge des Trainings schließen lässt. Teilnehmer 
mit der schlechtesten Ausgangsleistung in der Ausführung der Gesten und mit der größten 
Angst vor Technologien profitierten am meisten vom Nutzertraining.  
Insgesamt belegen die Studienergebnisse zur nutzerorientierten Evaluation des MOBOT-
Rollators die Effektivität und Gültigkeit seiner innovativen Teilfunktionen. Sie weisen auf ein 
hohes Potential der Assistenzfunktionen (Navigationssystem, Hindernisvermeidung, Auf-
stehhilfe) zur Verbesserung der Mobilität älterer Menschen mit motorischen Einschränkun-
gen hin. Vor dem Hintergrund der methodischen Mängel und unzureichenden evidenzba-
sierten Datenlage hierzu, liefert diese Dissertationsschrift erstmals statistische Belege für 
den Mehrwert solcher Teilfunktionen bei potentiellen Nutzern und leistet somit einen wich-
tigen Beitrag zur Schließung der bisherigen Forschungslücke hinsichtlich des nutzerorien-
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tierten Wirksamkeits- und Gültigkeitsnachweises robotergestützter Rollatoren und ihrer in-
novativen Teilfunktionen.  
Die Ergebnisse der Studien des I-SUPPORT-Duschroboters liefern wichtige Erkennt-
nisse hinsichtlich der Mensch-Roboter-Interaktion im höheren Alter. Sie zeigen, dass bei 
älteren Nutzern für eine effektive Interaktion Betriebsmodi mit einem hohen Maß an Auto-
nomie des Duschroboters notwendig sind. Trotz ihrer eingeschränkten Kontrolle über den 
Roboter, waren die Nutzer mit dem autonomsten Betriebsmodus sogar am zufriedensten. 
Darüber hinaus unterstreichen die Ergebnisse hinsichtlich der gestenbasierten Interaktion 
mit dem I-SUPPORT-Duschroboter, dass zukünftige Entwicklungen von altersgerechten 
Assistenzrobotern mit gestenbasierter Interaktion nicht nur die Verbesserungen technischer 
Aspekte, sondern auch die Sicherstellung und Verbesserungen der Qualität der Nutzerges-
ten für die Mensch-Roboter-Interaktion durch geeignete Trainings- oder Schulungsmaß-
nahmen berücksichtigen sollten. Das vorgestellte Nutzertraining könnte hierfür ein mögli-
ches Modell darstellen.
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Abstract 
The aim of this publication-based dissertation is the user-oriented evaluation of two proto-
types for “Ambient Assisted Living” (AAL) robots in older people with functional impairments. 
The prototypes consist of (1) a robotic rollator for mobility assistance (MOBOT) and (2) an 
assistive robot for assistance in bathing/showering activities (I-SUPPORT). 
Manuscript I presents a systematic review on the methodology of previous studies eval-
uating robotic rollators from the user perspective. Most studies showed major methodolog-
ical shortcomings such as insufficient sample sizes and descriptions, participants not rep-
resentative of potential users of robotic rollators, lack of appropriate, standardized and val-
idated assessment methods, and/or no inferential statistics. No generic methodology to 
evaluate robotic rollators from the user perspective could be identified. Manuscript I finally 
provides recommendations for future studies on the evaluation of robotic rollators and other 
AAL systems.  
Manuscript II analyses the results of the studies identified in manuscript I. It reveals very 
heterogeneous results regarding the added value of their innovative assistance functional-
ities. User perception of the robotic rollators was found to be generally positive. The large 
heterogeneity and methodological shortcomings of the studies severely limit the interpreta-
bility of their results. Overall, manuscript II highlights that the evidence on the effectiveness 
and positive perception of robotic rollators from the user perspective is still insufficient. 
Manuscript III examine the effectiveness of the MOBOT-integrated navigation system in 
potential users (= older persons with gait impairments and/or habitual use of a rollator in 
daily life) with and without cognitive impairment. It provides for the first time statistical evi-
dence that such assistance functionality can be effective for improving navigation (e.g., re-
duced stop time and walking distance) within a real-life scenario in potential users, espe-
cially in those with cognitive impairment.  
Manuscript IV assesses the concurrent validity of the MOBOT-integrated gait analysis 
system in potential users. It shows that the gait analysis system has good concurrent validity 
with an established criterion standard (GAITRite® system) for measuring temporal but not 
spatial gait parameters. Spatial-related gait parameters can also be measured with high 
consistency, but only with limited absolute accuracy.  
Manuscript V includes the user-oriented evaluation of the MOBOT-integrated obstacle 
avoidance functionality and proves for the first time the effectiveness of such functionality 
in potential users. Participants showed significant improvements in completing an obstacle 
course (fewer collisions, lower approaching velocity to the obstacles) when using the ob-
stacle avoidance functionality specifically developed for the MOBOT rollator.  
Manuscript VI documents the effectiveness and satisfaction of potential users with the 
sit-to-stand (STS) assistance system of the MOBOT rollator. It highlights that the success 
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rate for the STS transfer of older persons with motor impairments can be significantly im-
proved with this assistance functionality. The results also show a high user satisfaction with 
the STS assistance system, especially among potential users with higher body mass index. 
Manuscript VII examines the human-robot interaction (HRI) between the I-SUPPORT 
bathing robot and its potential users (= older people with difficulty in bathing/showering) and 
evaluates their effectiveness and satisfaction with three different autonomous operation 
modes. The results show that with increasing user control (= decreasing robot autonomy) 
the effectiveness in showering a predefined body area as well as the user satisfaction with 
the I-SUPPORT bathing robot significantly decreases.  
Manuscript VIII includes the evaluation of a specific user training on gesture-based HRI 
with the I-SUPPORT bathing robot. It highlights that such training is highly beneficial for the 
quality of older users’ gestural commands, leading to a higher command recognition rate of 
the I-SUPPRT bathing robot, and thus to an overall improved HRI. Participants with the 
worst gestural performance and higher gerontechnology anxiety benefited most from the 
training. 
Overall, the study results for the user-oriented evaluation of the MOBOT rollator demon-
strate the effectiveness and validity of its innovative functionalities. They indicate the high 
potential of the assistance functionalities for improving the mobility of older people with mo-
tor impairments. Taking into account the methodological shortcomings of previous evalua-
tion studies in this research area, this dissertation provides for the first time statistical evi-
dence for the benefit and validity of such functionalities in potential users, and thus a signif-
icant contribution to closing the research gap on the user-oriented proof of the effectiveness 
and validity of robotic rollators and their innovative functionalities.   
The results of the studies with the I-SUPPORT bathing robot provide important insights 
into HRI in old age. They indicate that in older users, operation modes with a high degree 
of autonomy of the bathing robot are necessary for an effective HRI. Despite their limited 
control over the robot, the users were most satisfied with the most autonomous operation 
mode. Furthermore, the results on gesture-based HRI with the I-SUPPORT bathing robot 
highlights that future developments of gesture-based AAL robots should focus not only on 
refining technical aspects of the robot but also on improving the quality of a user’s input for 
HRI through appropriate training procedures. The presented user training could provide a 
model for this. 
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1 Einleitung und Überblick 
Infolge des demographischen Wandels wird sich die Anzahl älterer Menschen in der Bevöl-
kerung westlicher Industriestaaten zukünftig weiter erhöhen. Da mit zunehmendem Alter 
auch das Risiko für funktionelle Beeinträchtigungen, Krankheit, Behinderung oder Pflege-
bedürftigkeit ansteigt (Barnett et al., 2012; Ferrucci et al., 2016; Hall et al., 2017; Menning 
& Hoffmann, 2009), ist davon auszugehen, dass in einer alternden Gesellschaft auch die 
Anzahl der davon Betroffenen und der Bedarf an Unterstützung, Versorgung und Pflege 
von Älteren zunehmen wird. Bereits heute stößt die Gesundheits- und Pflegeversorgung 
jedoch an ihre Grenzen (z. B. Fachkräftemangel in der Pflege) (Bertelsmann Stiftung, 2012; 
Spasova et al., 2018). Um die Herausforderungen des demographischen Wandels in Zu-
kunft bewältigen zu können, müssen geeignete Bewältigungsstrategien gefunden werden. 
Hierbei wird das Potential des Einsatzes von technischen Assistenzsystemen diskutiert, die 
die Funktionsfähigkeit und Selbstständigkeit von älteren Menschen im Alltag erhalten oder 
verbessern, bestehende Beeinträchtigungen kompensieren und den Bedarf an Gesund-
heits- und Pflegeleistungen reduzieren sollen (European Commission, 2013d; Robert Koch-
Institut, 2015). Während in den letzten Jahren zahlreiche Entwicklungen technischer Assis-
tenzsysteme im Bereich Alltagsunterstützung sowie Gesundheits- und Pflegeversorgung 
von älteren Menschen durchgeführt wurden, ist der evidenzbasierte Nachweis hinsichtlich 
ihrer Effektivität meist unzureichend. Häufig erfolgte die Entwicklungen lediglich entlang des 
technisch Machbaren und potentielle Nutzer der Assistenzsysteme waren nur unzureichend 
am Entwicklungs- und Evaluationsprozess beteiligt (European Commission, 2013b; 
Friesdorf, Podtschaske, Stahl, Glende & Nedopil., 2011).  
Vor diesem Hintergrund war das übergeordnete Ziel dieser Dissertation die nutzerorien-
tierte Evaluation zweier neu entwickelter altersgerechter Assistenzroboter (robotergestütz-
ter Rollator, Duschroboter) zur Unterstützung von Alltagsaufgaben (Mobilität, Baden/Du-
schen) bei älteren Menschen mit funktionellen Einschränkungen.  
Die vorliegende Arbeit ist wie folgt gegliedert: In Kapitel 2 wird zunächst der theoretische 
Hintergrund beschrieben, der die Relevanz und Aktualität dieser Arbeit begründet. Zu Be-
ginn werden die durch den demographischen Wandel bedingten Herausforderungen an das 
Gesundheitssystem dargestellt. Dem folgen die Grundlagen und Forschungsinitiativen zu 
technischen Assistenzsystemen für die Unterstützung ältere Menschen im Alltag als mögli-
che Bewältigungsstrategie für diese Herausforderungen. Dabei wird u. a. auf die fehlende 
Nutzerperspektive bisheriger Entwicklungen und Evaluationen altersgerechter Assistenzro-
botern eingegangen. Am Ende von Kapitel 2 werden die von der Europäischen Union ge-
förderten Projekte vorgestellt (MOBOT, I-SUPPORT), in denen die beiden zu evaluierenden 
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altersgerechten Assistenzroboter (robotergestützter Rollator, Duschroboter) entwickelt wur-
den. In Kapitel 3 werden die Fragestellungen und Ziele der in die Dissertation einfließenden 
Manuskripte formuliert. Kapitel 4 beinhaltet die Zusammenfassungen dieser Manuskripte. 
Die Einordnung der Studienergebnisse der einzelnen Manuskripte in den Forschungszu-
sammenhang erfolgt in Kapitel 5. Abschließend bietet Kapitel 6 ein Fazit aus der gesamten 
Arbeit und einen Ausblick auf daraus hervorgehende zukünftige Forschungsfragen.
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2 Theoretischer Hintergrund 
2.1 Demographischer Wandel als Herausforderung für das Gesundheitswesen 
Ein zentrales Merkmal des demographischen Wandels in den westlichen Industriestaaten 
ist der kontinuierlicher Anstieg der absoluten Anzahl sowie des relativen Anteils älterer Men-
schen in der Bevölkerung. Lebten z. B. nach Angaben des United Nations Department of 
Economic and Social Affairs (UN DESA) im Jahr 1950 in Europa noch 43,7 Millionen (8,0 
%) Menschen im Alter von 65 Jahren und älter, so erhöhte sich diese Anzahl im Jahr 2015 
auf über 130,5 Millionen (17,6 %). Aktuellen Hochrechnungen zufolge wird in den nächsten 
drei Jahrzehnten die Zahl der älteren Menschen in Europa weiter ansteigen und im Jahr 
2050 bei knapp 200 Millionen liegen (vgl. Abbildung 1), was mehr als einem Viertel (27,8 
%) der europäischen Gesamtbevölkerung entsprechen wird. (UN DESA, 2019) 
 
Abb. 1: Altersstruktur und Bevölkerungsentwicklung in Europa in den Jahren 1950 bis 2050 
(eigene Darstellung, Datenquelle: UN DESA, 2019, mittlere Variante) 
Ein weiterer bemerkenswerter Aspekt der prognostizierten Veränderungen der Bevölke-
rungsstruktur in Europa betrifft die fortschreitende Alterung der älteren Bevölkerung selbst. 
Die Altersgruppe der hochbetagten Menschen ab 80 Jahre wächst schneller als jede an-
dere. Während im Jahr 1950 noch 8,0 Millionen (1,0 %) Europäer 80 Jahre oder älter waren, 
galt dies im Jahr 2015 bereits für 34,7 Millionen (4,7 %). Bis zum Jahr 2050 wird sich diese 
Anzahl nochmals mehr als verdoppeln und etwa 71,9 Millionen betragen. Jeder zehnte 
(10,1 %) Einwohner Europas wird demnach 80 Jahre oder älter sein. (UN DESA, 2019) 
Vergleichbare Ergebnisse und Hochrechnungen für die zurückliegenden bzw. zukünfti-
gen demographischen Veränderungen liegen auch für Deutschland vor (Statistisches 
Bundesamt, 2019a; UN DESA, 2019): Aktuell zählt Deutschland innerhalb der Mitgliedstaa-
ten der Europäischen Union (EU) mit einem Altersmedian von 46,0 Jahren sogar zu den 
Ländern mit dem höchsten Durchschnittsalter und dem größten Anteil von 65-Jährigen und 
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Älteren in der Bevölkerung (Eurostat, 2019e). Im Jahr 2018 war bereits mehr als jeder fünfte 
Deutsche (21,5 %, 17,8 Mio.) 65 Jahre oder älter (Statistisches Bundesamt, 2019a). Dieser 
Anteil wird auch in Deutschland in den nächsten Jahrzehnten weiter deutlich ansteigen 
(2050: 30,0 %, 24,0 Mio.) (UN DESA, 2019), wobei auch hier der Anteil der hochbetagten 
Menschen ab 80 Jahren am stärksten anwachsen wird (vgl. Abbildung 2). Die wesentlichen 
Ursachen für den demographischen Wandel in Deutschland und Europa sind einerseits die 
langjährig hohen und dann anhaltend niedrigen Geburtenraten. Andererseits ist die Lebens-
erwartung kontinuierlichen gestiegen, da große Fortschritte in der medizinischen Versor-
gung erzielt wurden, sich die Lebens- und Arbeitsbedingungen verbessert haben und der 
allgemein Wohlstand gestiegen ist (Statistisches Bundesamt, 2016). 
 
Abb. 2: Anteil und Entwicklung der älteren Menschen ( 65 Jahre) an der Gesamt-
bevölkerung in Europa nach Altersgruppen in den Jahren 1950 bis 2050 (eigene 
Darstellung, Datenquelle: UN DESA, 2019, mittlere Variante) 
Ältere Menschen scheinen heute aufgrund des medizinischen Fortschritts und der ver-
besserten Lebensumstände weniger in ihrer funktionalen Gesundheit beeinträchtigt zu sein 
(Christensen, Doblhammer, Rau & Vaupel, 2009; Ziegler & Doblhammer, 2008) und mehr 
gesunde Lebensjahre zu verbringen als noch frühere Generationen (Eurostat, 2019b; Fries, 
1980; Ziegler & Doblhammer, 2008). Dennoch bleibt weiterhin das mit zunehmendem Alter 
erhöhte Risiko für funktionelle Beeinträchtigungen, Mobilitätseinschränkungen, Krankheit 
(Multimorbidität), Behinderung oder Pflegebedürftigkeit bestehen (Barnett et al., 2012; 
Ferrucci et al., 2016; Hall et al., 2017; Menning & Hoffmann, 2009). Dies führt in einer al-
ternden Gesellschaft von immer mehr und immer länger lebenden älteren Menschen 
zwangsläufig dazu führt, dass auch die Anzahl der davon Betroffenen sowie die damit ver-
bundenen Anforderungen an das Gesundheits- und Pflegewesen zunehmen (Peters, 
Pritzkuleit, Beske & Katalinic, 2010; Statistisches Bundesamt, 2019b). 
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2.1.1  Pflegebedürftigkeit 
Im Zeitraum von 1999 bis 2017 hat sich die Anzahl von pflegebedürftigen älteren Menschen 
in Deutschland von 1,6 auf 2,8 Millionen erhöht (vgl. Abbildung 3), was einem prozentualen 
Anstieg von über 72 % entspricht (Statistisches Bundesamt, 2019b).  
 
Abb. 3: Anzahl pflegebedürftiger älterer Menschen in Deutschland nach Altersgrup-
pen in den Jahren 1999 bis 2017 (eigene Darstellung, Datenquelle: Statistisches 
Bundesamt, 2019b) 
Auch zukünftig wird infolge der demographischen Veränderungen weiterhin ein deutli-
cher Anstieg der Anzahl an Pflegebedürftigen für Deutschland (für eine ausführliche Über-
sicht siehe Nowossadeck, 2013; Robert Koch-Institut, 2015), aber auch für Europa prog-
nostiziert (European Commission, 2013a, 2018). Demgegenüber steht jedoch eine Ab-
nahme des Pflegepotentials in der Gesellschaft. Ein beachtlicher Anteil von Pflegebedürfti-
gen wird zu Hause von Angehörigen ohne weitere professionelle Unterstützung versorgt 
(Schwinger & Tsiasioti, 2018; Verbakel, 2018). In Europa wird die Zahl der informellen Pfle-
gekräfte (z. B. Familie, Nachbarn, Freunde) mindestens doppelt so hoch eingeschätzt, wie 
die der formellen, professionellen Pflegekräfte (European Commission, 2013a). Durch die 
demographische Veränderung der quantitativen Verhältnisse der Generationen zueinan-
der, in denen immer mehr hochaltrige Menschen immer weniger jungen Erwachsenen ge-
genüberstehen (Eurostat, 2018; Statistisches Bundesamt, 2019a), sinkt auch das demo-
graphische Potenzial für die Zahl pflegender Angehöriger. Hinzu kommen weitere Faktoren, 
wie z. B. veränderte partnerschaftliche Lebensformen, zunehmende Erwerbstätigkeit von 
Frauen, längere Lebensarbeitszeit oder größere Wohnentfernungen zwischen pflegebe-
dürftigen Eltern und ihren erwachsenen Kindern, die die Möglichkeit der Unterstützung und 
Versorgung durch Angehörige weiter einschränken (European Commission, 2013a; Robert 
Koch-Institut, 2015). Aufgrund des rückläufigen familiären Pflegepotentials ist somit anzu-
nehmen, dass zukünftig immer mehr Pflegeleistungen in den Bereich der professionellen 
Pflege verlagert werden (European Commission, 2018; Nowossadeck, 2013). Bereits 
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heute besteht jedoch sowohl in Deutschland als auch in Europa ein deutlicher Fachkräfte-
mangel in der Pflege, der sich in den kommenden Jahren noch weiter verschärfen wird 
(Bertelsmann Stiftung, 2012; European Commission, 2012a; Sermeus & Bruyneel, 2019; 
Spasova et al., 2018; WHO, 2016). Zudem sind arbeitszeitliche, physische sowie psychi-
sche Anforderungen und Belastung in allen Bereichen der Pflege bereits jetzt überdurch-
schnittlich hoch und werden laut Expertenangaben zukünftig eher weiter zu- als abnehmen 
(Glock et al., 2018). Zu hohe Arbeitsbelastungen können nicht nur negative Auswirkungen 
auf die Qualität der pflegerischen Versorgung haben, sondern auch auf die Motivation, 
Zufriedenheit sowie physische und psychische Gesundheit der Beschäftigten in der Pflege-
branche (European Commission, 2012a; Rothgang, Fünfstück & Kalwitzki, 2020; 
Schmucker, 2020; Stordeur et al., 2005). So haben Pflegekräfte beispielsweise in ihrem 
Berufsalltag mittlerweile nicht mehr ausreichend Zeit für die zwischenmenschliche Zuwen-
dung (Glock et al., 2018), welche als zentrales Handlungsfeld in der pflegerischen Tätigkeit 
und Qualität erachtet wird. Zudem berichten sie im Vergleich zu anderen Berufsgruppen 
häufiger von muskuloskelettalen sowie psychovegetativen Beschwerden und zeigen ins-
gesamt überdurchschnittlich hohe krankheitsbedingte Fehlzeiten (BAuA, 2014; Drupp & 
Meyer, 2020). 
 
2.1.2  Einschränkungen in den Aktivitäten des täglichen Lebens 
Die Ausprägung der Einschränkungen in den Aktivitäten des täglichen Lebens („activities 
of daily living“ = ADLs) bestimmt maßgeblich die personelle, finanzielle und zeitliche Belas-
tung der Pflege (Ku, Chang, Pai & Hsieh, 2019; LaPlante, Harrington & Kang, 2002; Oliva-
Moreno et al., 2019; Onder et al., 2009; Reed et al., 2016). ADLs beschreiben die Fähigkeit, 
grundlegende im Alltag wiederkehrende Tätigkeiten der Pflege und Versorgung der eigenen 
Person zu leisten, wie z. B. Essen, Bett- und Stuhltransfer, An- und Auskleiden, Toiletten-
gang und Baden oder Duschen (Katz, Ford, Moskowitz, Jackson & Jaffe, 1963). Die Fähig-
keit, ADLs ohne Hilfe einer anderen Person durchführen zu können, kann somit als Refe-
renz für die Selbständigkeit einer Person im Alltag angesehen werden. Demgegenüber stel-
len Einschränkungen in den ADLs wesentliche Ursachen sowie Prädiktoren für die Pflege- 
und Hilfebedürftigkeit einer Person dar (Cloutier, Penning, Nuernberger, Taylor & 
MacDonald, 2019; Sjölund, Wimo, Engström & von Strauss, 2015; Wee et al., 2014; Wu et 
al., 2014).  
Laut aktueller Daten des statistischen Amts der EU (Eurostat) benötigen mehr als die 
Hälfte (53,3 %) der 65- bis 74-jährigen EU-Bürger Hilfe bei den grundlegenden Aktivitäten 
der Selbstversorgung (Essen, Toilettengang, An-/Auskleiden, Bett-/Stuhltransfer, Ba-
den/Duschen); unter den 75-Jährigen und Älteren sogar deutlich mehr als zwei Drittel 
(71,4%) (Eurostat, 2019a). Das Baden oder Duschen stellt dabei die ADL dar, welche am 
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häufigsten Probleme bei der selbstständigen Durchführung verursacht. So berichtet etwa 
jede sechste Person (17,9 %) im Alter zwischen 65 bis 74 Jahre und sogar mehr als jede 
vierte Person (28,3 %) im Alter von 75 Jahre und älter von Problemen beim Baden oder 
Duschen (vgl. Abbildung 4).  
 
Abb. 4: Anteil der älteren Menschen ( 65 Jahre) mit Problemen in grundle-
genden Aktivitäten des täglichen Lebens (Essen, Toilettengang, An-/Ausklei-
den, Bett-/Stuhltransfer, Baden/Duschen) an der Gesamtbevölkerung in den 
EU-Mitgliedstaaten nach Altersgruppen im Jahr 2014 (eigene Darstellung, 
Datenquelle: Eurostat, 2019a) 
Unter den ADL-Einschränkungen sind diese beim Baden/Duschen diejenigen, welche 
als erstes während des Alterungsprozesses auftreten (Fong & Feng, 2016; Jagger, Arthur, 
Spiers & Clarke, 2001; Katz et al., 1963). Darüber hinaus benötigen ältere Personen beim 
Baden/Duschen häufiger persönliche Hilfe als bei jeder anderen grundlegenden ADL 
(Wiener, Hanley, Clark & Van Nostrand, 1990). Vor diesem Hintergrund sowie der Annahme 
konstanter Prävalenzraten dieser Einschränkungen und unveränderter Inanspruchnahme 
von Hilfeleistungen wird sich in einer alternden Gesellschaft vor allem die Anzahl von älte-
ren Personen mit Einschränkungen und Hilfsbedarf beim Baden/Duschen erhöhen. Dem-
nach scheinen Maßnahmen zur Unterstützung älterer Menschen bei dieser ADL besonders 
förderlich, um deren Unabhängigkeit möglichst lange im Alterungsprozess aufrechtzuerhal-
ten sowie die personelle, finanzielle und zeitliche Pflegebelastung zu reduzieren (Gill, Guo 
& Allore, 2006; Naik, Concato & Gill, 2004).  
 
2.1.3  Beeinträchtigung der Mobilität 
Mobilität kann als die Fähigkeit der (Fort-)Bewegung in der Umwelt definiert werden 
(Webber, Porter & Menec, 2010). Mobilitätseinschränkungen einer älteren Person werden 
dabei häufig anhand ihrer Fähigkeit beurteilt, alltagsrelevante motorisch-funktionelle Leis-
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tungen wie z. B. Stehen (Balance), Gehen, Treppensteigen oder Transferleistungen (Auf-
stehen von einem Stuhl) zu bewältigen (Soubra, Chkeir & Novella, 2019). Aufgrund des 
biologischen Alterungsprozesses, zunehmender Multimorbidität und häufig auch mangeln-
der körperlicher Aktivität ist das Altern mit einem Rückgang dieser motorisch-funktionellen 
Alltagsleistungen verbunden (vgl. Abbildung 5), wodurch Einschränkungen bei der Bewäl-
tigung alltagsrelevanter motorisch-funktioneller Leistungen sind unter älteren Menschen 
weit verbreitet sind. So berichtete nach Angaben von Eurostat im Jahr 2014 mehr als ein 
Viertel (25.9%) der EU-Bürger im Alter von 75 Jahren von Schwierigkeiten bei alltäglichen 
Transferleistungen und fast ein Drittel (32,4 %) von erheblichen Schwierigkeiten beim Ge-
hen (Eurostat, 2019a, 2019c). Die besondere Bedeutung von Einschränkungen in diesen 
motorischen Schlüsselqualifikationen des Alltags ergibt sich daraus, dass sie mit zahlrei-
chen negativen gesundheitsbezogenen Ereignissen assoziiert sind, wie z. B. körperliche 
Behinderung, Verlust der Unabhängigkeit, Stürzen, reduzierte soziale Teilhabe, geringere 
Lebensqualität, Institutionalisierung oder vorzeitige Mortalität (Abellan van Kan et al., 2009; 
Cooper et al., 2010; Davis et al., 2015; Guralnik et al., 1994; Haider et al., 2016; Heiland et 
al., 2016; Hirvensalo, Rantanen & Heikkinen, 2000; Veronese et al., 2014). 
 
 
Abb. 5: Motorisch-funktionelle Leistungen nach Altersgruppen (a: habituelle Ganggeschwindigkeit in cm/s, [Bo-
hannon & Williams Andrews, 2011]; b: Zeitdauer für schnellstmögliches, fünfmaliges Aufstehen von einem Stuhl 
[Bohannon, Bubela, Magasi, Wang & Gershon, 2010]; c: Balance während des normalen Stehens für 30s, ge-
messen anhand der Geschwindigkeit in mm/s der Bewegungen des Center of Pressure in die anterior-posteriore 
Richtung [Era et al., 2006]).  
Mobilitätseinschränkungen zeichnen sich jedoch nicht nur durch beeinträchtigte moto-
risch-funktionelle Alltagsleistungen aus, sondern präsentieren sich als multidimensionales 
Konstrukt, welches das Resultat vieler unterschiedlicher Faktoren und Defizite sein kann 
(Webber et al., 2010). Eine eingeschränkte Mobilität kann auch mit sensorischen, kogniti-
ven oder psychologischen Beeinträchtigungen zusammenhängen (Crews & Campbell, 
2004; Donoghue et al., 2014; Pedersen et al., 2014), die mit zunehmendem Alter vermehrt 
auftreten (Harada, Natelson Love & Triebel, 2013; Scheffer, Schuurmans, van Dijk, van der 
Hooft & de Rooij, 2008; Whitson et al., 2018). So können z. B. ein eingeschränktes Sehver-
mögen (Swenor et al., 2015), Probleme bei der räumlichen Orientierung (Burns, 1999; 
a  b c 
Gait speed Sit-to-stand Balance 
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Passini, Rainville, Marchand & Joanette, 1995) und Sturzangst (Auais et al., 2017; Scheffer 
et al., 2008) weitere Barrieren für die Mobilität von Älteren darstellen.  
Trotz leicht rückläufiger Prävalenzraten von Einschränkungen der Mobilität bei älteren 
Personen (Christensen et al., 2009) ist infolge des demographischen Wandels zukünftig 
weiterhin von einer deutlich ansteigenden Zahl von Älteren mit Beeinträchtigungen in der 
Mobilität zu rechnen. So ist z. B. anzunehmen, dass sich die Anzahl der EU-Bürger im Alter 
von 75 Jahren mit selbstberichteten erheblichen Gehschwierigkeiten trotz eines jährlichen 
Rückgangs der aktuellen Prävalenzrate um 0,25 % von etwa 14,6 Millionen im Jahr 2014 
auf über 19,0 Millionen im Jahr 2050 erhöhen wird, was einem prozentualen Anstieg von 
über 30 % entspricht (eigene Berechnungen, Datenquelle: Eurostat, 2019c, 2019d).  
Vor dem Hintergrund, dass die Mobilität einer Person fundamental für deren Gesundheit, 
Lebensqualität, Selbstständigkeit und sozialen Teilhabe ist, scheint es unerlässlich, geeig-
nete Maßnahmen zur Erhaltung und Förderung der Mobilität älterer Menschen zu finden, um 
diese demographischen Herausforderungen erfolgreich zu bewältigen (Hirsch et al., 2017). 
 
2.1.4  Mögliche Bewältigungsstrategien 
Um die Herausforderungen des demographischen Wandels und den steigenden Bedarf an 
Unterstützung, Versorgung und Pflege von älteren Menschen bei rückläufigen Ressourcen 
in der Gesundheits- und Pflegeversorgung bewältigen zu können, müssen geeignete Lö-
sungsansätze gefunden werden. Die hierzu diskutierten Bewältigungsstrategien sind viel-
fältig (z. B. für eine ausführliche Übersicht siehe Robert Koch-Institut, 2015), zielen jedoch 
im Wesentlichen auf drei Bereiche ab: (1) die Verringerung der Inzidenz und Gesamtprä-
valenz von funktionellen Beeinträchtigungen und Behinderung; (2) die Reduzierung der Ab-
hängigkeit, d.h. ältere Menschen dazu befähigen, trotz funktionellen Einschränkungen wei-
terhin ein unabhängiges Leben führen; (3) die Steigerung der Produktivität (= Maß der er-
reichten Versorgungsqualität relativ zu den eingesetzten Mitteln) der Pflegeleistungen 
(European Commission, 2013a). Eine konkret genannte und geförderte Maßnahme hierfür 
ist die Entwicklung und Implementierung von innovativen technischen Assistenzsystemen 
in die Gesundheitsversorgung von älteren Menschen (BMBF, 2016, 2018; European 
Commission, 2013a, 2013d; Glock et al., 2018) 
 
2.2 Technische Assistenzsysteme in der Gesundheitsversorgung 
2.2.1  Begriffsbestimmung und Grundlagen  
Die World Health Organization (WHO) definiert technische Assistenzsysteme in der Ge-
sundheitsversorgung als „[…] those whose primary purpose is to maintain or improve an 
individual’s functioning and independence, to facilitate participation, and to enhance overall 
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well-being“ (WHO, 2019). Demnach besteht das primäre Ziel eines technischen Assistenz-
systems darin, die Funktionsfähigkeit und Selbstständigkeit einer Person zu erhalten oder 
zu verbessern, die Teilhabe zu erleichtern und das allgemeine Wohlbefinden zu steigern. 
Technische Assistenzsysteme stellen wesentliche Instrumente dar, um erfolgreiches Altern 
positiv zu unterstützen; präventiv dem Verlust der Mobilität vorzubeugen, bestehende Be-
einträchtigungen zu kompensieren, das Ausmaß der Pflegebedürftigkeit sowie den Bedarf 
an Gesundheits- und Unterstützungsleistungen oder Langzeitpflege zu reduzieren und Pfle-
gekräften zu Gunsten einer höheren Qualität und Produktivität ihrer pflegerischen Versor-
gung (z. B. mehr Zeit für pflegerische Betreuung und persönliche Zuwendung) zu unterstüt-
zen und zu entlasten (Doblhammer, Georges & Barth, 2015; Executive Board, 2017). Hierzu 
existiert eine Vielzahl von unterschiedlichen technischen Assistenzsysteme. So listet z. B. 
das Informationsportal REHADAT – ein vom Bundesministerium für Arbeit und Soziales 
gefördertes Projekt des Instituts der Deutschen Wirtschaft – über 13.000 mögliche Hilfsmit-
tel und technische Assistenzsysteme zur Unterstützung von Menschen mit Behinderungen 
(www.rehadat-hilfsmittel.de). Die meisten dieser Assistenzsysteme lassen sich nach Anga-
ben der WHO grob in die in Tabelle 1 aufgeführten Kategorien einordnen. 
Tab. 1: Kategorien und Beispiele für technische Assistenzsysteme (WHO, 2014) 
Kategorie Beispiele 
Kognitive Funktionen Speichergeräte, Global Positioning Systeme 
(GPS), Erinnerungshelfer für Medikamente 
Sensorische Funktionen Brillen, Lupen, Hörgeräte 
Orthesen & Prothesen Prothesen, Wirbelsäulenorthesen, Halskrausen 
Persönliche Mobilität Gehstöcke, Rollatoren, Rollstühle 
Aktivitäten des täglichen Lebens inkl. 
Körperpflege und Sicherheit 
Toiletten-/Duschstühle, Pflegeroboter, Sturzmatten 
Kommunikations- &                        
Kompetenztraining 
Geräte für Sprach-/Sprechtraining, Bildschirmlese-
geräte, Brailledisplays 
Freizeit & Sport modifizierte Sportausrüstung, Kamerahalterung,   
audio-taktiles Schachbrett 
Verbesserung von Wohnen,              
Arbeit und Umwelt 
Hausmodifikationen, Handläufe oder Haltegriffe, 
kontrollierte Beleuchtung 
Technische Assistenzsysteme können auch anhand ihrer Interaktion und Vernetzung in 
drei unterschiedliche Generationen eingeteilt werden. Die erste Generation beinhaltet etab-
lierte Systeme ohne Informationsaustausch, wie z. B. Seh- und Hörgeräte, Mobilitäts- und 
Haushaltshilfen, Trainingsgeräte und Hebe-/Tragesysteme in stationären Einrichtungen. 
Zur zweiten Generation zählen Systeme mit Informationsaustausch, wie z. B. Servicerobo-
ter oder passive Monitoring-Systeme, die von Menschen kontrolliert werden. Die dritte Ge-
neration umfasst vernetzte, umgebungsintelligente Systeme, die mit dem Nutzer direkt in-
teragieren und z. T. eigenständig (re-)agieren sowie Aufgaben erledigen (Fachinger, 2017).  
Theoretischer Hintergrund  25 
 
Ein theoretischer Rahmen für die Bedeutung technischer Assistenzsysteme zur Erhal-
tung und Verbesserung der Funktionsfähigkeit bildet die von der WHO herausgegebene 
„International Classification of Functioning, Disability and Health“ (ICF) (WHO, 2001) (vgl. 
Abbildung 4).  
 
Abb. 6: International Classification of Functioning, Disability and Health (WHO, 2001) 
Technische Assistenzsysteme werden in der ICF als Förderfaktoren innerhalb der Um-
weltfaktoren (= environmental factors) klassifiziert, die Körperfunktionen (einschließlich des 
mentalen Bereichs) und -strukturen (= body functions & structure) ersetzen (z. B. Prothe-
sen) bzw. wiederherstellen, erweitern oder kompensieren (z. B. Brillen, Hörgeräte, Roll-
stühle). Körperfunktionen/-strukturen stehen in einer direkten Wechselwirkung mit der Akti-
vität (= activity) und der Partizipation [Teilhabe] einer Person (= participation). Deren Ver-
besserung durch ein technisches Assistenzsystem reduziert oder verhindert die aus den 
Funktionsstörungen oder Strukturschäden (= impairments) resultierenden Beeinträchtigun-
gen der Aktivität (= limitations) und Einschränkungen der Partizipation (= restrictions), in-
dem sie die tatsächliche Leistung2 einer Person bei der Bewältigung einer Aufgabe/Hand-
lung trotz des eigentlich bestehenden Problems in der Leistungsfähigkeit (Kapazität)3 ver-
bessert und somit eine Grundvoraussetzung für ihre Teilhabe in verschiedenen Lebensbe-
reichen schafft. Z. B. kann einem Pflegeheimbewohner mit eingeschränkter Gehfähigkeit 
ein Rollator zur Verfügung gestellt werden, um dadurch seine Beeinträchtigung beim Gehen 
(= body function) zu reduzieren und es ihm so zu ermöglichen, trotz bestehender Probleme 
in seiner eigentlichen Leistungsfähigkeit, den Gang zum Aufenthaltsraum (= activity) mit 
Hilfe des Rollators selbstständig zurückzulegen und dort an den sozialen Angeboten des 
Pflegeheims teilzunehmen (= participation). Ein technisches Assistenzsystem kann somit 
                                                                                                                                      
2 Leistung ist die konkrete Durchführung einer Aufgabe oder Handlung einer Person in der gegenwärtigen, 
tatsächlichen Umwelt, d.h. unter Einbezug aller Aspekte der materiellen, sozialen und einstellungsbezogenen 
Gegebenheiten. 
3 Leistungsfähigkeit (Kapazität) ist das höchstmögliche Niveau der Funktionsfähigkeit, welches eine Person in 
einem bestimmten Lebensbereich zu einem bestimmten Zeitpunkt in einer standardisierten Umwelt erreichen 
kann (z. B. im Rahmen von standardisierten Testverfahren). 
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einen positiven Einfluss auf alle Komponenten der Funktionsfähigkeit einer Person (Körper-
funktionen-/strukturen, Aktivitäten, Partizipation [Teilhabe]) haben.  
Neben dem unmittelbaren Nutzen für die Funktionsfähigkeit und Selbständigkeit einer 
Person können auch versorgende Angehörige, Pflegekräfte sowie das Gesundheits- und 
Pflegewesen im Allgemeinen von technischen Assistenzsystemen profitieren. Technische 
Assistenzsysteme können die Notwendigkeit an persönlicher Betreuung und Pflege zeitlich 
hinauszögern oder sogar verhindern sowie pflegerische Tätigkeiten unterstützen, erleich-
tern oder ganz übernehmen. So können diese insgesamt zu einer Reduktion des personel-
len, finanziellen und zeitlichen Aufwands in der Gesundheits- und Pflegeversorgung beitra-
gen (Fachinger, 2017; Hülsken-Giesler, 2015; Kunze & König, 2017; WHO, 2014). Z. B. 
könnte eine pflegebedürftige Person, die beim Duschen oder Baden auf persönliche Hilfe 
eines Angehörigen oder einer Pflegekraftangewiesen ist, durch einen Duschroboter so un-
terstützt werden, dass sie diese ADL wieder selbständig ausführen kann. Die pflegedürftige 
Person wird somit unmittelbar in ihrer Selbständigkeit unterstützt, der Bedarf an persönli-
cher Hilfe bei dieser ADL entfällt, die Angehörigen oder Pflegekräfte werden entlastet und 
personelle sowie zeitliche Ressourcen werden geschont.  
Hinsichtlich der Effektivität von technischen Assistenzsystemen bei älteren Personen 
bemängeln zahlreiche Übersichtarbeiten die bisher noch fehlende Evidenz (Anttila, 
Samuelsson, Salminen & Brandt, 2012; Connell, Grealy, Olver & Power, 2011; Khosravi & 
Ghapanchi, 2016; Martin, Kelly, Kernohan, McCreight & Nugent, 2008; Topo, 2009). Häufig 
wurden sie lediglich anhand ihrer technischen Machbarkeit und/oder Akzeptanz bei den 
Nutzern bewertet. Um den tatsächlichen Mehrwert eines technischen Assistenzsystems für 
die Verbesserung der Funktionsfähigkeit, Selbstständigkeit, soziale Teilhabe oder des all-
gemeinen Wohlbefindens potentieller Nutzer aufzeigen zu können, muss jedoch auch de-
ren Effektivität hierfür überprüft werden (Fuhrer, Jutai, Scherer & DeRuyter, 2003; Khosravi 
& Ghapanchi, 2016). 
 
2.2.2 Ambient Assisted Living 
Unter dem Begriff „Ambient Assisted Living“ (AAL) können Forschungsarbeiten zu tech-
nisch innovativen Assistenzsystemen im Bereich Alltagsunterstützung, Pflege und Gesund-
heitsversorgung von älteren Menschen beschrieben werden (Knols, Stoller & de Bruin, 
2018). AAL-Systeme lassen sich dabei als „altersgerechte Assistenzsysteme für ein gesun-
des und unabhängiges Leben“ definieren (BMBF, 2008), die ältere Menschen durch den 
Einsatz innovativer Informations- und Kommunikationstechnologien (ICT) in die Gegen-
stände des täglichen Lebens und das unmittelbare Wohnumfeld bei der selbstständigen 
Bewältigung alltäglicher Aktivitäten in ihrer gewohnten und vertrauen Umgebung proaktiv, 
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situationsabhängig und unaufdringlich unterstützen sollen, um ihnen so zu mehr Lebens-
qualität und Selbstbestimmung zu verhelfen (Berndt et al., 2009; BMBF/VDE Innovations-
partnerschaft AAL, 2011; Knols et al., 2018; Varnai, Farla, Glasgow, Romeo & Simmonds, 
2018). Die gewohnte und vertraue Umgebung umfasst dabei nicht nur das eigene Zuhause, 
sondern auch andere Lebenswelten (Pudane, Petrovica, Lavendelis & Ekenel, 2019). 
Durch diese prinzipiell weitgefasste Ausrichtung können AAL-Systeme nicht nur zur Förde-
rung der Lebensqualität und Unterstützung der Selbstständigkeit in der eigenen Häuslich-
keit eingesetzt werden, sondern auch im Falle von Hilfe- und Pflegebedürftigkeit in institu-
tionalisierten Settings wie z. B. Alten- sowie Pflegeheime und können so die Belastung für 
die Pflege reduzieren (Fachinger, 2017; Krings, Böhle, Decker, Nierling & Schneider, 2014). 
Technisch betrachtet lassen sich AAL-Systeme als „Multi-Engineering-Systeme“ beschrei-
ben, die aus unterschiedlichen Komponenten wie z. B. Sensoren, Aktoren, Computerhard-
ware, Software oder Kommunikationsnetzwerke verschiedenster technischer Bereiche wie 
Gerätefertigung, Elektrotechnik, Robotik, Informatik und Telekommunikation bestehen 
(Memon, Wagner, Pedersen, Beevi & Hansen, 2014).  
Innerhalb des AAL-Forschungsfelds haben in den letzten Jahren vor allem altersge-
rechte Assistenzroboter (AAL-Roboter) zunehmend an Bedeutung gewonnen. So initiierte 
z. B. die Europäische Kommission im Zeitraum von 2004 bis 2015 insgesamt 48 For-
schungsprojekte im Bereich von AAL-Roboter (Payr, Werner & Werner, 2015b). Ein AAL-
Roboter kann dabei als Roboter definiert werden, welcher (1) ältere Nutzer (und Nutzer mit 
Behinderung) als Zielgruppe hat, (2) diese Zielgruppe in den ADLs unterstützt und (3) deren 
Unabhängigkeit verbessert oder erhält (modifiziert nach (Payr, Werner & Werner, 2015a). 
Ein Roboter wird innerhalb dieser Definition als Mechanismus verstanden, der über Senso-
ren und Aktuatoren verfügt, sensorische Entscheidungen trifft und zu visuell erkennbaren 
Bewegungen fähig ist.  
Altersgerechte Assistenzroboter lassen sich anhand ihres Anwendungsbereichs und der 
durch sie unterstützenden Aktivität in unterschiedliche Kategorien einteilen (Payr et al., 
2015a). Tabelle 2 beschreibt diese Kategorien und fasst die Aktivitäten zusammen, welche 
die jeweiligen Kategorien von AAL-Robotern unterstützen (sollen).  
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Tab. 2: Kategorien von Ambient Assisted Living-Robotern nach Anwendungsbereich und unterstützte Aktivitä-
ten (Payr et al., 2015a) 
Kategorie Beschreibung 
  Unterstützung 
  BADLs IADLs EADLs Sonstige 
Primäre                
Mobilitätshilfen 
Direkte Unterstützung der Mobilität der 
Nutzer, indem ihre Fortbewegung oder 
Navigation zwischen Standorten verbes-
sert wird (z. B. Rollstühle, Exoskelette für 
untere Extremitäten, robotische Gehhil-
fen [Rollatoren]) 
 
  alle Kochen 
Einkaufen 
Putzen 
alle Stabilität 
Sekundäre  
Mobilitätshilfen 
Unterstützung der Nutzer, indem deren 
Notwendigkeit zur Mobilität verringert 
wird (z. B. Hol- und Trageroboter) 
 
  - Tragen 
Einkaufen 
- - 
Manipulationshilfen Unterstützung der Nutzer bei allen Aktivi-
täten, die Hand-/Armkraft oder -geschick-
lichkeit erfordern (z. B. Exoskelette für 
obere Extremitäten oder Roboterarme) 
 
  alle alle Hobbys 
Arbeit 
- 
Roboter für die  
Körperpflege 
Unterstützung der Nutzer bei spezifi-
schen Aktivitäten zur Körperpflege (z. B. 
Duschroboter, Toilettenroboter) 
  Essen 
  Trinken 
  Baden 
  Toilettengang 
 
- 
 
- - 
Haushaltsroboter Unterstützung der Nutzer bei hauswirt-
schaftlichen Aktivitäten wie Putzen und 
Kochen (z. B. Reinigungsroboter, Saug-
roboter, Fensterputzroboter) 
 
  - Putzen 
Kochen 
- - 
Begleitroboter,  
Telepräsenzroboter 
Unterstützung der Nutzer bei der Kom-
munikation, Integration, Kognition (Erin-
nerung); soziale Unterstützung, Überwa-
chung der Gesundheit, Warnung vor Si-
cherheitsbedrohungen 
  - Management 
(Gesundheit, 
Verwaltung) 
Nutzung von 
Dienstleis-
tungen, 
Transportmit-
teln 
(Tele-)Shop-
ping 
 
Lernen 
Kognitives 
Training 
Lesen 
Schreiben 
Teilhabe 
Unterhaltung 
Soziale        
Aktivitäten 
 
Sicherheit 
Körperliches 
Training 
Unternehmung 
 
Emotionale  
Roboter 
Emotionale Unterstützung der Nutzer 
(meist in Pflegeeinrichtungen od. häusli-
cher Pflege); repräsentieren typischer-
weise Tierroboter (z. B. Katzen, Hunde, 
Robbe); Vorteile leiten sich aus der tier-
gestützten Therapie ab 
  - - Unterhaltung 
Kognitives 
Training 
Unternehmung 
BADLs = grundlegende Aktivitäten des täglichen Lebens zur Selbstversorgung (Trinken und Essen, Toilettengang, An-/Aus-
kleiden, Körperpflege, Baden/Duschen, Bett-/Stuhltransfer, Gehen); IADLs = instrumentelle, kognitive und teilweise körper-
lich komplexere Aktivitäten des täglichen Lebens, wie das Zubereiten von Nahrungsmitteln, Einkaufen, Haushaltsführung, 
Verwalten von Finanzen, Bedienen des Telefons, Benutzung von Transportmitteln; EADLs = erweitere Aktivitäten des tägli-
chen Lebens zur Teilnahme am sozialen Leben, wie Hobbys oder ehrenamtliche Arbeiten.   
 
2.2.3  Fördermaßnahmen im Bereich Ambient Assisted Living 
In den letzten Jahren gab es große Anstrengungen und Initiativen im Bereich der For-
schungsförderung von AAL-Systemen, sowohl auf nationaler als auch internationaler 
Ebene. So förderte das Bundesministerium für Bildung und Forschung (BMBF) in Koope-
ration mit VDI/VDE (Verein Deutscher Ingenieure / Verband der Elektrotechnik Elektronik 
Informationstechnik e. V.) Innovation + Technik GmbH im Zeitraum von 2008 bis 2013 ins-
gesamt 18 Forschungsprojekte im Bereich „altersgerechte Assistenzsysteme für ein gesun-
des und unabhängiges Leben“ mit einer Fördersumme von insgesamt 45 Millionen Euro 
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(AAL Deutschland, 2016). Auf europäischer Ebene beschloss die Europäische Kommission 
mit ihrem Aktionsplan „Aging Well in the Information Society“ für den Zeitraum von 2007 bis 
2013 mehr als 1 Milliarde Euro für die Förderung von Forschung und Innovationen zu ICT-
basierter Technologien für die alternde Gesellschaft („ICT for Aging Well“) in Europa bereit-
zustellen (European Commission, 2010a). Innerhalb des 7. EU-Rahmenprogramms für For-
schung, technologische Entwicklung und Demonstration (FP7, 2007-2013) wurden hierfür 
rund 400 Millionen investiert; weitere 600 Millionen wurden darauf verwendet, das mit 23 
europäischen Ländern im Jahr 2007 gemeinsam gegründete Forschungs- und Innovations-
programm „AAL-Joint Programme“ (AAL-JP) zu fördern (European Commission, 2012b). 
Dessen Hauptziel ist es, innovative ICT-basierte Lösungen für Assistenzsysteme zur Ver-
besserung der Autonomie, sozialen Teilhabe und funktionellen Fähigkeit älterer Erwachse-
ner zu entwickeln (AAL Association, 2013). Auch innerhalb des aktuellen EU-Rahmenpro-
gramms für Forschung und Innovation „Horizon 2020“ (2014-2020) wird das AAL-JP ge-
meinsam mit 17 Ländern bis 2020 mit einem Budget von weiteren 600 Millionen Euro ge-
fördert (European Commission, 2016a). Bis heute wurden im AAL-JP über 220 Forschungs-
projekte im Bereich AAL mit einer Fördersumme von insgesamt mehr als 1,2 Milliarden 
Euro unterstützt (AAL Association, 2019). Neben dem AAL-JP fördert die Europäische 
Kommission mit dem Horizon 2020-Rahmenprogramm zusätzlich weitere Forschungs- und 
Innovationsprojekte zu „ICT for Aging Well“. Im Arbeitsprogramm „Societal Challenges 1 – 
Health, Demographic Change and Wellbeing“ werden für den Bereich „Personalising Health 
and Care” seit 2015 weitere 24 Forschungsprojekte zu ICT-basierten Assistenzsystemen 
bzw. AAL-Systemen für ältere Menschen mit mehr als 95 Millionen Euro gefördert 
(European Commission, 2016b).  
Nach Bewertung der ersten AAL-JP bzw. ICT-Fördermaßnahmen von 2007 bis 2013 sah 
die Europäische Kommission besonderen Bedarf hinsichtlich der verstärkten Einbindung 
potentieller Nutzer in zukünftige Forschungsprojekte. Zwar konnte für diesen Zeitraum z. B. 
innerhalb der geförderten AAL-JP-Projekte etwa 30% der beteiligten Organisationen eine 
gewisse Form von Nutzerrolle zugeschrieben werden (European Commission, 2010b, 
2013c), dennoch waren potentielle Nutzer nur unzureichend an den Forschungs-, Entwick-
lungs- und Innovationsprozessen aktiv beteiligt. Zudem wurden die Nutzer zu ungenau de-
finiert und ihren persönlichen Eigenschaften im Hinblick auf die Akzeptanz der AAL-Sys-
teme wurde zu wenig Aufmerksamkeit geschenkt (European Commission, 2013b). An zu-
künftig geförderte Projekte stellte die Europäische Kommission daher die Forderung, die 
Perspektive der potentiellen Nutzer von AAL-Systemen zu stärken. In nachfolgenden För-
derprogrammen sollten die Beteiligung von Organisationen zur Vertretung der Nutzer deut-
licher unterstützt, die potentiellen Nutzer enger in alle Phase der Programmgestaltung/-
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durchführung miteingebunden sowie vermehrt Demonstrationen und Pilotprojekte unter re-
alistischen, alltagsnahen Bedingungen durchgeführt werden (European Commission, 
2013b, 2013c).  
Auf nationaler Ebene kam die vom BMBF im Rahmen der AAL-Begleitforschung in Auf-
trag gegebene Studie zur Analyse der 18 geförderten Forschungsprojekte im Bereich „al-
tersgerechte Assistenzsysteme für ein gesundes und unabhängiges Leben“ im Jahr 2011 
zu einem vergleichbaren Fazit. Sie bemängelt eine oftmals fehlende Nutzerperspektive in 
der Entwicklung von AAL-Systemen. Vielmehr waren diese bisher stark technologiegetrie-
ben und nicht bzw. nur sehr wenig auf die Bedürfnisse älterer Nutzer abgestimmt (Friesdorf 
et al., 2011). Eine vom Bundesministerium für Gesundheit (BMG) beauftragte Studie zur 
Unterstützung der Pflegebedürftigkeit durch technische Assistenzsysteme im Jahr 2013 
hebt zusätzlich hervor, dass der evidenzbasierte Nachweis hinsichtlich der Wirksamkeit und 
des Nutzens von AAL-Systemen unter realistischen Bedingungen noch unzureichend ist 
(BMG, 2013).  
 
2.2.4  Nutzerzentrierter Entwicklungsprozess 
Definitionsgemäß sind ältere Menschen die Zielgruppe von AAL-Systemen (BMBF, 2008), 
welche jedoch häufig wenig Erfahrung mit neuartigen Technologien zeigen (Czaja et al., 
2006; Lee et al., 2019). Bei AAL-Systemen kommen für diese Zielgruppe meist unbekannte 
Technologie zum Einsatz, die bei unzureichender Passung mit den vorhandenen Ressour-
cen zu Stress, Ängstlichkeit, Überforderung, Gefährdung oder gar Ablehnung führen kön-
nen (Hauer, 2018). Für eine erfolgreiche Entwicklung, Implementierung und Nutzung von 
AAL-Systemen ist daher eine gezielte und frühzeitige Ableitung und Einbindung von Anfor-
derungen, Bedürfnissen und Wünschen der zukünftigen Nutzergruppe im Sinne eines nut-
zerzentrierten Entwicklungsprozesses von entscheidender Bedeutung. Nur so kann eine 
gezielte Anpassung der Entwicklung an die Kompetenzen der zukünftigen Nutzer gewähr-
leistet werden und ein nutzerfreundliches sowie gebrauchstaugliches AAL-System entste-
hen (Friesdorf et al., 2011; Manzeschke, Weber, Rother & Fangerau, 2013). Bei der Ziel-
gruppe von AAL-Systemen kann es sich außerdem häufig um ältere Personen handeln, 
welche die Aufgaben des Alltags bisher ohne Unterstützung solcher Technologien gelöst 
haben. Es ist daher essentiell, dass vom Gebrauch eines AAL-Systems auch ein Mehrwert 
für die Nutzer erkennbar wird, um deren Akzeptanz und Zustimmung für die neue Techno-
logie zu erreichen. Fester Bestandteil eines nutzerzentrierten Entwicklungsprozesses stellt 
somit die Evaluation des tatsächlich entwickelten AAL-Systems bei potentiellen Nutzern 
dar, in der überprüft werden soll, ob die entwickelten Lösungen auch den zu Beginn festge-
legten Nutzeranforderungen entsprechen und in einem bestimmten Nutzungskontext von 
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der Zielgruppen effektiv, effizient und zufriedenstellend genutzt werden können (Lindwedel-
Reime et al., 2016).  
Insgesamt wird auf nationaler wie auch internationaler Ebene bei der zukünftigen Ent-
wicklung von AAL-Systemen eine stärkere Berücksichtigung der Nutzerperspektive über 
den gesamten Entwicklungsprozess hinweg gefordert (BMG, 2013; European Commission, 
2013b, 2013c; Friesdorf et al., 2011). 
 
2.3 MOBOT – Intelligent Active Mobility Aid RoBOT Integrating Multimodal              
Communication  
Das MOBOT-Projekt war ein von der Europäischen Kommission innerhalb des FP7 geför-
dertes Forschungsprojekt, das im Zeitraum von Februar 2013 bis Juli 2016 als Kooperati-
onsprojekt von zehn europäische Institutionen aus den Fachbereichen Informatik, Ingeni-
eurwissenschaft, Elektro- und Computertechnik, Mathematik, Robotik und (geriatrische) 
Rehabilitation durchgeführt wurde (www.cordis.europa.eu/project/id/600796). Ziel dieses 
Projektes war es u.a., einen altersgerechten Assistenzroboter auf Basis eines Rollators zu 
entwickeln, welches die Mobilität älterer Menschen mit Gangstörungen proaktiv, nutzeran-
gepasst sowie kontext- und situationsabhängig unterstützt.  
Der Prototyp des MOBOT-Rollators (vgl. Anhang: Manuskript III, Fig. 1, S. 146) integriert 
vielfältige, innovative und „smarte“ Teilfunktionen, welche den primären Fokus der körper-
lichen Mobilitätsunterstützung eines herkömmlichen Rollators (Gehen, Balance) deutlich 
erweitern. Hierzu ist der MOBOT-Rollator mit zahlreichen unterschiedlichen Sensoren (z. B. 
Laser-Entfernungssensoren, Kraftsensoren, Kinect-Kamera, Mikrophone, optische Enco-
der, inertiale Messeinheiten) ausgestattet, mit deren Hilfe die Aktivität und Bewegung des 
Nutzers zu jedem Zeitpunkt analysiert, seine Absichten interpretiert und das Verhalten des 
MOBOT-Rollators entsprechend daran angepasst werden soll. Außerdem kann der über 
Gestik und/oder Sprache ohne Körperkontakt gesteuert werden. Tabelle 3 fasst die wäh-
rend des Projekts entwickelten und implementierten Teilfunktionen des MOBOT-Rollators 
zusammen. Eine ausführlichere Beschreibung der für diese Dissertationsschrift relevanten 
Funktionen (Navigationssystem, Ganganalysesystem, Aufstehhilfe) ist in den angehängten 
Manuskripten III-VI zu finden. 
Innerhalb des MOBOT-Projekts nahm das AGAPLESION BETHANIEN KRANKENHAUS 
HEIDELBERG die Rolle des führenden klinischen Partners ein. Dabei bestand die Haupt-
aufgabe darin, die Nutzerperspektive über den gesamten Entwicklungsprozess des 
MOBOT-Rollators (Planung, Entwicklung und Evaluation) sicherzustellen. Hierzu zählte 
u.a. die Überprüfung des Forschungsstands zu robotergestützten Rollatoren; die Analyse 
und Definition typischer Anwendungsfälle sowie der Zielgruppe des MOBOT-Rollators inkl. 
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ihrer Anforderungen und Bedürfnisse; die Identifikation und Entwicklung geeigneter objek-
tiver und subjektiver Leistungsparameter für die Evaluation der innovativen Funktionen des 
MOBOT-Rollators; die Studienplanung, -durchführung und -auswertung zur Evaluation der 
innovativen Teilfunktionen des MOBOT-Rollators mit potentiellen Nutzern. 
Tab. 3: Innovative Teilfunktionen des MOBOT-Rollators  
Funktion Beschreibung 
Lokalisierung & Navigation 
(Manuskript III) 
Basierend auf hinterlegten Gebäudeplänen (Karten), den Daten der integrierten Sensor-
technik (optische Encoder, inertiale Messeinheiten, Laser-Entfernungsmesser) und etab-
lierten Algorithmen aus dem Bereich der Lokalisierung mobiler Roboter ermöglicht der 
MOBOT-Rollator eine sprachgesteuerte Navigationshilfe innerhalb von fremden Gebäuden. 
 
Ganganalyse 
(Manuskript IV) 
 
Räumlich-zeitliche Gangparameter des Nutzers werden basierend auf den Daten eines an 
der Rückseite des MOBOT-Rollators angebrachten Laser-Entfernungssensor bestimmt. 
 
Hindernisvermeidung 
(Manuskript V) 
 
Hindernisse in der Umgebung werden durch einen Laser-Entfernungssensor an der Vor-
derseite des MOBOT-Rollators erkannt und die interaktive Steuerungsarchitektur des 
MOBOT-Rollators verhindert die Kollision und unterstützt das Umfahren der Hindernisse. 
 
Aufstehhilfe 
(Manuskript VI) 
Der MOBOT-Rollator besitzt zwei hydraulisch parallel angetriebene (aktuierte) Roboter-
arme mit Handgriffen, an denen sich der Nutzer aktiv festhält. Basierend auf nutzerspezifi-
schen, nach vorne/oben gerichtete Bewegungsbahnen (Trajektorien) der Handgriffe, wird 
der Nutzer aktiv über eine Hebekraft beim Aufstehen unterstützt.  
 
Sprach-/Gestensteuerung 
(Efthimiou et al., 2016) 
Die integrierte(n) Kinect-Kamera und Mikrophone ermöglichen eine Steuerung des 
MOBOT-Rollators über festgelegte Sprachbefehle oder Gesten ohne direkten körperlichen 
Kontakt (z. B. MOBOT-Rollator herbeirufen oder in die Parkposition schicken) 
 
„Vorausfahrende“ Folgefunktion 
(Moustris & Tzafestas, 2016) 
 
Basierend auf den Daten der Laser-Entfernungssensoren an der Rück- und Vorderseite 
des MOBOT-Rollators und einer interaktiven Antriebsarchitektur ermöglicht der MOBOT-
Rollator ein Vorausfahren nah vor dem Nutzer, jedoch ohne direkten körperlichen Kontakt.   
 
2.4 I-SUPPORT – ICT-Supported bath robots 
Das I-SUPPORT-Projekt war ebenfalls ein von der Europäischen Kommission gefördertes 
Forschungsprojekt. Es wurde innerhalb des Horizon 2020-Rahmenprogramms im Zeitraum 
von März 2015 bis Februar 2018 als multidisziplinäres Kooperationsprojekt (Robotik, Infor-
matik, Ingenieurwissenschaft, Elektro- und Computertechnik, geriatrische und neuromoto-
rische Rehabilitation, angewandte Gesundheits- und Sozialwissenschaft) durchgeführt 
(www.cordis.europa.eu/project/id/643666). Ziel des I-SUPPORT-Projekts war es einen in-
novativen, modularen, ICT-gestützten Duschroboter zu entwickeln, welcher ältere Men-
schen mit Einschränkungen beim Baden/Duschen dabei unterstützt diese grundlegende 
ADL erfolgreich, sicher und selbstständig durchzuführen.  
Der Prototyp des I-SUPPORT-Duschroboters (vgl. Anhang: Manuskript VII: Figure 1, S. 
209) besteht aus einem motorisierten Stuhl zur Unterstützung des Sitzen-Stehen-Transfers 
und des Übergangs in und aus dem Duschbereich, einem robotergestützten Softarm für die 
spezifischen Bade/-Duschaktivitäten (z. B. Abspülen, Einseifen, Schrubben, Abtrocknen), 
visuelle und auditive Sensoren (Kinect-Kameras und Mikrophone) für eine sprach-/gesten-
basierte Mensch-Roboter-Interaktion und ein multisensorisches, kontextbewusstes System 
zur Überwachung der Umgebung (Wasserfluss/-temperatur, Lufttemperatur, Feuchtigkeit 
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und Beleuchtung) und Nutzerinformationen (Smartwatch zur Nutzeridentifikation und Akti-
vitätsüberwachung).  
Auch innerhalb des I-SUPPORT-Projekts bestand die Hauptaufgabe des AGAPLESION 
BETHANIEN KRANKENHAUS HEIDELBERG darin, als klinischer Partner den nutzer-
zentrierten Entwicklungsprozess des I-SUPPORT-Duschroboters sicherzustellen. Entspre-
chende Projektaufgaben umfassten hierbei u.a. die Definition der typischen Anwendungs-
fälle und Nutzer(-anforderungen) des I-SUPPORT-Duschroboters (Werle & Hauer, 2016), 
die Ausarbeitung eines geeigneten Evaluationsplan inkl. -kriterien zur Überprüfung der 
Übereinstimmung des I-SUPPORT-Duschroboters mit den Nutzeranforderungen und -be-
dürfnissen sowie die Durchführung und Auswertung von Studien zur Evaluation der Bedien-
barkeit und Akzeptanz des I-SUPPORT-Duschroboter unter realistischen Bedingungen mit 
potentiellen Nutzern. 
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3 Fragestellungen und Ziele  
Das übergeordnete Ziel dieser Dissertation war es, die in den Projekten „MOBOT“ und „I-
SUPPORT“ neu entwickelten altersgerechten Assistenzroboter (MOBOT-Rollator, I-SUP-
PORT-Duschroboter) aus der Perspektive potentieller Nutzer zu evaluieren.  
Im Rahmen des MOBOT-Projekts wurde hierfür zunächst eine systematische Literatur-
analyse von Studien zur Evaluation robotergestützter Rollatoren aus der Nutzerperspektive 
durchgeführt (Manuskript I & II). Sie diente in einem ersten Schritt dazu, einen umfassenden 
Überblick zur methodischen Vorgehensweise bisheriger Studien in diesem Themenbereich 
zu erhalten, um daraus wertvolle Erkenntnisse und Handlungsempfehlungen für die nutzer-
orientierten Evaluationsstudien des MOBOT-Rollators sowie von anderen robotergestütz-
ten Rollatoren, aber auch von altersgerechten Assistenzrobotern (AAL-Roboter) im Allge-
meinen abzuleiten (Manuskript I). In einem zweiten Schritt wurden die Untersuchungser-
gebnisse der in der systematischen Literaturanalyse identifizierten Studien mit dem Ziel 
analysiert, daraus die derzeitige Evidenz zur Effektivität und positiven Wahrnehmung der 
robotergestützten Rollatoren bei potentiellen Nutzern zu ermitteln und den weiteren For-
schungsbedarf in diesem Themenbereich aufzuzeigen (Manuskript II). Zusammenfassend 
wurden anhand der systematischen Literaturanalyse folgende Fragestellungen bearbeitet: 
 Mit welcher methodischen Vorgehensweise wurden bisherige Studien zur Evaluation 
von robotergestützten Rollatoren aus der Perspektive der Nutzer durchgeführt und 
lassen sich daraus Handlungsempfehlungen für zukünftige Evaluationsstudien ablei-
ten? (Manuskript I) 
 Welche Untersuchungsergebnisse zeigen bisherige Studien zur Effektivität und posi-
tiven Wahrnehmung von robotergestützten Rollatoren aus der Perspektive der Nut-
zer? (Manuskript II) 
Aufbauend auf den Erkenntnissen und Handlungsempfehlungen der systematischen Li-
teraturanalyse wurden die nutzerorientierten Evaluationsstudien des MOBOT-Rollators 
konzipiert und durchgeführt (Manuskript III-VI). Ein wesentliches Ziel dabei war, die in der 
systematischen Literaturanalyse aufgedeckten methodischen Defizite bisheriger Evaluati-
onsstudien von robotergestützten Rollatoren zu vermeiden und anhand methodisch hoch-
wertiger Evaluationsstudien innerhalb des MOBOT-Projekts, einen Beitrag zur Schließung 
der noch bestehenden Forschungslücken in diesem Bereich zu leisten. Die eigens konzi-
pierten und durchgeführten Evaluationsstudien fokussierten sich jeweils auf eine spezifisch 
zu evaluierende Teilfunktion des MOBOT-Rollators, wobei folgende Fragestellungen bear-
beitet wurden: 
 Kann das MOBOT-integrierte Navigationssystem die Navigationsleistung von poten-
tiellen Nutzer mit und ohne kognitive Einschränkungen verbessern? (Manuskript III) 
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 Kann das MOBOT-integrierte Ganganalysesystem räumlich-zeitliche Gangparameter 
bei potentiellen Nutzern valide erfassen? (Manuskript IV) 
 Kann die MOBOT-integrierte Assistenzfunktion zur Hindernisvermeidung Gefahren-
situationen mit Hindernissen in der Umgebung bei potentiellen Nutzern reduzieren? 
(Manuskript V) 
 Kann die MOBOT-integrierte Aufstehhilfe den Sitzen-Stehen-Transfer bei potentiellen 
Nutzern effektiv unterstützen? (Manuskript VI) 
Im Rahmen des I-SUPPORT-Projekts wurden vor dem Hintergrund der Entwicklung und 
Implementierung einer erfolgreichen Mensch-Roboter-Interaktion zwei Studien durchge-
führt mit dem Ziel, (1) die Effektivität und Zufriedenheit mit unterschiedlich autonomen Be-
triebsmodi des I-SUPPORT-Duschroboters (Manuskript VII) sowie (2) die Effekte eines spe-
zifischen Nutzertrainings auf die Mensch-Roboter-Interaktion bei potentiellen Nutzern des 
I-SUPPORT-Duschroboters zu evaluieren (Manuskript VIII). Die Hauptfragestellungen die-
ser Studien lauteten demnach wie folgt: 
 Hat der Automatisationsgrad der unterschiedlichen Betriebsmodi des I-SUPPORT-
Duschroboters (autonomer, roboterassistierter oder telemanipulativer Modus) bei po-
tentiellen Nutzern Auswirkungen auf die Effektivität und Zufriedenheit mit dem I-SUP-
PORT-Duschroboter? Und wenn ja, mit welchem Betriebsmodus wird die höchste Ef-
fektivität und Zufriedenheit erreicht? (Manuskript VII) 
 Führt ein spezifisches Training der für die gestenbasierte Interaktion mit dem I-SUP-
PORT-Duschroboter notwendigen Gesten zu einer verbesserten Mensch-Roboter-In-
teraktion bei potentiellen Nutzern? (Manuskript VIII) 
Darüber hinaus wurden zusätzlich nachfolgende Nebenfragestellungen bearbeitet: 
 Haben persönliche Eigenschaften der Nutzer einen Einfluss auf deren Zufriedenheit 
mit den unterschiedlichen autonomen Betriebsmodi des I-SUPPORT-Duschroboters? 
(Manuskript VII) 
 Haben persönliche Eigenschaften der Nutzer einen Einfluss auf die gestenbasierte 
Mensch-Roboter-Interaktion mit dem I-SUPPORT-Duschroboter bzw. auf die Trai-
ningseffekte? (Manuskript VII) 
 Gibt es einen Zusammenhang zwischen der Ausführung der Gesten und der Gesten-
erkennungsrate des I-SUPPORT-Duschroboters? (Manuskript VIII) 
Die einzelnen Manuskripte werden nachfolgend in Kapitel 4 anhand einer gängigen 
Abstract-Gliederung (Hintergrund und Zielstellung, Methodik, Ergebnisse, Diskussion und 
Schlussfolgerung) zusammengefasst. Die publizierten oder eingereichten („pre-prints“) Ori-
ginaldokumente befinden sich im Anhang dieser Dissertationsschrift (Anhang B).
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4 Publikationsübersicht und Zusammenfassungen 
4.1  Manuskript I: Systematische Literaturanalyse des methodischen Vorgehens 
von Studien zur Evaluation von robotergestützten Rollatoren aus der Nutzer-
perspektive 
Werner, C., Ullrich, P., Geravand, M., Peer, A. & Hauer, K. (2016). Evaluation studies of 
robotic rollators by the user perspective: A systematic review. Gerontology, 62(6), 644-653. 
DOI: 10.1159/000444878 
 
Hintergrund und Zielsetzung 
Im Rahmen der Forschungs- und Entwicklungsaktivitäten zu altersgerechten Assistenzsys-
temen entstand durch den Einsatz robotischer Systeme in den letzten beiden Jahrzehnten 
eine neue Art von smarten Hightech-Rollatoren (Martins, Santos, Frizera-Neto & Ceres, 
2012). Die Entwicklung solcher robotergestützten Rollatoren erfolgte in diesem Zeitraum 
häufig entlang des technisch Machbaren. Auch deren bisherige Evaluation scheint haupt-
sächlich von technischen Zielen bestimmt gewesen zu sein und fokussierte sich überwie-
gend auf die Überprüfung ihrer technischen Funktionsfähigkeit (Martins, Santos, Frizera & 
Ceres, 2015). Für die erfolgreiche Entwicklung von Assistenzsystemen ist jedoch nicht nur 
die Bewertung ihrer technischen Funktionsfähigkeit, sondern vor allem auch die ihrer 
Brauchbarkeit und Effektivität für die vorgesehene Nutzergruppe von entscheidender Be-
deutung. Nur durch eine kontinuierliche Einbindung und Berücksichtigung der Nutzerper-
spektive in den fortlaufenden Entwicklungs- und Evaluationsprozess kann überprüft wer-
den, ob ein Assistenzsystem den Bedürfnissen, Anforderungen und Erwartungen ihrer Nut-
zer gerecht wird und einen Mehrwert für sie bietet (Choi & Sprigle, 2011; Kensing & 
Blomberg, 1998; Schulz et al., 2015; Tsui, Feil-Seifer, Matarić & Yanco, 2009). Daher hat 
sich der geforderte Forschungs- und Entwicklungsschwerpunkt bei altersgerechten Assis-
tenzrobotern in den letzten Jahren zunehmend Richtung der Mensch-Roboter-Interaktion 
und der Nutzerperspektive im Speziellen verlagert (AAL Association, 2014; Beckerle et al., 
2017; BMBF, 2018). Eine Verlagerung von einer technischen hin zu einer nutzerorientieren 
Perspektive könnte allerdings bei der Evaluation von altersgerechten Assistenzrobotern mit 
speziellen Herausforderungen hinsichtlich des methodischen Vorgehens verbunden sein 
(Tsui et al., 2009). Etablierte Standards oder Empfehlungen insbesondere zur Evaluation 
von robotergestützten Rollatoren aus der Perspektive der Nutzer sowie systematische 
Übersichtarbeiten zu diesem Themengebiet fehlen jedoch bislang. Vor diesem Hintergrund 
wurde in Manuskript I eine systematische Literaturanalyse mit dem Ziel durchgeführt, das 
methodische Vorhergehen bisheriger Studien zur Evaluation von robotergestützten Rolla-
toren zu analysieren und aus den daraus gewonnenen Erkenntnissen konkrete Handlungs-
empfehlung sowohl für die Evaluationsstudien innerhalb des eigenen MOBOT-Projekts als 
auch für zukünftige Evaluationsstudien anderer robotergestützter Rollatoren abzuleiten. 
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Methodik 
Die systematische Literaturrecherche erfolgte nach den Standards der Cochrane Collabo-
ration (Higgins & Green, 2011) in den elektronischen Datenbanken PubMed und IEEE 
Xplore. Die verwendete Suchstrategie basierte auf standardisiertem Vokabular der Daten-
banken (MeSH terms, IEEE terms) und freien Textwörtern zu den Bereichen „assistive mo-
bility device“, „robotic functionality“, „gait/mobility support“ und „evaluation measure“. Ein-
geschlossen wurden Studien zur nutzerorientierten Evaluation der Interaktion zwischen 
Mensch und robotergestütztem Rollator unabhängig von der Art der hierfür verwendeten 
Assessmentmethoden. Es wurden keine Einschränkungen in Bezug auf Alter oder Gesund-
heitsstatus der Studienteilnehmer gemacht. Ausgeschlossen wurden Einzelfallstudien und 
Studien, in denen ausschließlich Monitoring-Funktionen, nicht jedoch nutzerorientiere As-
sistenzfunktionen oder die subjektive Nutzererfahrung evaluiert wurden. Die Suche war be-
grenzt auf englischsprachige Artikel, die bis zum 31. Dezember 2014 publiziert wurden.  
 
Ergebnisse 
Insgesamt konnten 28 Studien identifiziert werden, die den Einschlusskriterien der Litera-
turrecherche entsprachen. Diese Studien zeigten hinsichtlich der Nutzergruppen, der Stich-
proben sowie der verwendeten Studiendesigns und Assessmentstrategien eine große He-
terogenität. So wurde die potentielle Nutzergruppe der robotergestützten Rollatoren über-
wiegend anhand generischer (z. B. ältere Personen, Menschen mit Behinderung) oder set-
tingspezifischer Kriterien (z. B. Pflegeheimbewohner) bzw. anhand von Krankheitskatego-
rien (z. B. Morbus Parkinson, Hemiplegie) oder unspezifischen funktionellen Kriterien (z. B. 
Mobilitätsprobleme, kognitive Einschränkungen) definiert. Nur vereinzelte Studien verwen-
deten präzise Kriterien basierend auf etablierten Screening- oder Assessmentmethoden, 
um die spezifischen funktionellen Beeinträchtigungen der potentiellen Nutzergruppe zu de-
finieren. Die Stichproben unterschieden sich erheblich in Bezug auf ihre Größe (Spannweite 
= 2-60 Teilnehmer) und dem Alter (Spannweite = 14-97 Jahre) sowie den Beeinträchtigun-
gen der Teilnehmer (gesunde junge Personen – hochbetagte Personen mit kognitiven und 
motorischen Einschränkungen). Es wurden drei unterschiedliche Studiendesigns identifi-
ziert: Beobachtungs-, Vergleichs- (z. B. robotergestützter Rollator vs. konventioneller Rolla-
tor, aktivierte vs. nicht-aktivierte Assistenzfunktion) und Interventionsstudien. Zudem ka-
men insgesamt fünf unterschiedliche Kategorien von Assessmentmethoden in den Studien 
zum Einsatz: (1) klinisch etablierte, funktionelle Testverfahren (z. B. Timed „Up and Go“-
Test, Podsiadlo & Richardson, 1991;4-Meter-Gehtes, Guralnik et al., 1994); (2) „maßge-
schneiderte“ Assessmentmethoden in Form von selbst entworfenen, leistungsbasierten 
Testverfahren, die speziell auf die zu evaluierende Assistenzfunktion des robotergestützten 
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Rollators zugeschnitten waren (z. B. Hindernisparcours  Assistenzfunktion: Hindernisver-
meidung); (3) Assessmentmethoden zur Beurteilung der körperlichen Beanspruchung wäh-
rend der Verwendung des robotergestützten Rollators (z. B. Respirometrie, Elektromyogra-
fie); (4) Instrumente zur subjektiven Erfassung der Nutzererfahrung (z. B. Befragungen, 
selbst entworfene Fragebögen) und (5) Assessmentmethoden zur Überprüfung der techni-
schen Funktionsfähigkeit. Ein generisches methodisches Vorgehen bei der Evaluation von 
robotergestützter Rollatoren aus der Nutzerperspektive konnte nicht identifiziert werden. 
Insgesamt zeigten die meisten Studien vielmehr erhebliche methodische Mängel: Stichpro-
benbeschreibungen und -größen waren unzureichend, die Teilnehmer waren für die poten-
tielle Nutzergruppe der robotergestützten Rollatoren nicht repräsentativ, geeignete, stan-
dardisierte und validierte Assessmentmethoden sowie inferentielle statistische Analysen 
fehlten. 
 
Diskussion und Schlussfolgerung 
Manuskript I bietet erstmals einen systematischen Überblick über die Studien zur Evalua-
tion robotergestützter Rollatoren aus der Nutzerperspektive. Neben der großen Heteroge-
nität der Studien hinsichtlich ihres methodischen Vorgehens war festzustellen, dass ein ek-
latanter Mangel an methodisch hochwertigen Evaluationsstudien besteht. Basierend auf 
der systematischen Literaturanalyse konnten für zukünftige Evaluationsstudien folgende 
Empfehlungen formulierte werden: (1) klare Definition der Nutzergruppe anhand von spe-
zifischen und validen Kriterien zur Bewertung ihrer Einschränkungen; (2) angemessene 
Auswahl der Teilnehmer entsprechend der definierten Nutzergruppe; (3) Vergleich mit an-
deren (konventionellen) Mobilitätshilfen; (4) Evaluation der habituellen Verwendung im fort-
geschrittenen Entwicklungsprozess des robotergestützten Rollators; (5) Auswahl von stan-
dardisierten und validierten Assessmentmethoden; (6) Umsetzung einer spezifisch auf die 
zu evaluierende Assistenzfunktion des robotergestützten Rollators zugeschnittene Asses-
smentstrategie und (7) statistische Überprüfung der Studienergebnisse. Diese Empfehlun-
gen können im Allgemeinen auch für die nutzerorientierte Evaluation von anderen AAL-
Systemen angewendet werden. 
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4.2  Manuskript II: Systematische Literaturanalyse der Ergebnisse von Studien zur 
Evaluation von robotergestützten Rollatoren aus der Nutzerperspektive 
Werner, C., Ullrich, P., Geravand, M., Peer, A. & Hauer, K. (2018). A systematic review of 
study results reported for the evaluation of robotic rollators from the perspective of users. 
Disability and Rehabilitation: Assistive Technology, 13(1), 31-39. DOI: 10.1080/17483107. 
2016.1278470  
 
Hintergrund und Zielsetzung 
Die Evaluation von altersgerechten Assistenzrobotern aus der Nutzerperspektive ist mit sig-
nifikanten methodischen Herausforderungen verbunden (Tsui et al., 2009). Manuskript I 
bestätigt dies für robotergestützte Rollatoren und zeigt auf, dass bisherige Evaluationsstu-
dien hierzu nicht nur eine große Heterogenität im methodischen Vorgehen, sondern auch 
erhebliche methodische Mängel aufweisen (Werner, Ullrich, Geravand, Peer & Hauer, 
2016). Es ist anzunehmen, dass die Evidenz für die Effektivität und positive Wahrnehmung 
der robotergestützten Rollatoren dadurch wesentlich beeinflusst worden sind. Da sich Ma-
nuskript I auf das methodische Vorgehen der Evaluationsstudien, nicht jedoch auf deren 
Ergebnisse fokussierte, wurde diese Annahme in Manuskript I noch nicht überprüft. Andere 
systematische Übersichtsarbeiten zur Effektivität und positiven Wahrnehmung von roboter-
gestützten Rollatoren aus der Nutzerperspektive wurden bislang ebenfalls noch nicht durch-
geführt. Manuskript II hatte daher zum Ziel, die Ergebnisse der in Manuskript I identifizierten 
Studien hinsichtlich der Effektivität und Nutzerwahrnehmung von robotergestützten Rolla-
toren zu evaluieren.  
 
Methodik 
Die identifizierten Studien der systematischen Literaturanalyse in Manuskript I wurden 
nochmals gescreent und anhand folgender Einschlusskriterien auf ihre Eignung überprüft: 
(1) Evaluation der Interaktion zwischen Mensch und robotergestütztem Rollator aus der 
Nutzerperspektive, (2) Verwendung standardisierter Assessmentmethoden und (3) quanti-
tative Darstellung der Studienergebnisse. 
 
Ergebnisse 
Nach dem erneuten Screeningprozess entsprachen 17 Studien den Einschlusskriterien. 
Aufgrund der klinischen und methodischen Heterogenität der Studien wurde eine narrative 
Synthese der Studienergebnisse durchgeführt. Insgesamt zeigten sich kontroverse Stu-
dienergebnisse hinsichtlich der Effektivität der robotergestützten Rollatoren. Manche Stu-
dien deuteten auf eine gesteigerte körperliche, kognitive oder sensorische Leistung der 
Nutzer (z. B. Gang-, Navigations- oder Präzisionsleistung) oder eine verringerte körperliche 
Beanspruchung (z. B. Kraftaufwand, kardiorespiratorische Belastung) unter Verwendung 
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der innovativen Assistenzfunktionen der robotergestützten Rollatoren im Vergleich zu Be-
dingungen ohne deren Unterstützung oder auch zu anderen konventionellen Mobilitätshil-
fen. Andere Studien berichteten hingegen von einer geringeren Nutzerleistung oder einer 
höheren körperlichen Beanspruchung mit den robotergestützten Rollatoren innerhalb dieser 
Vergleiche. In 14 von 17 Studien (82.4%) basierten die Studienergebnisse jedoch nur auf 
deskriptiven Statistiken und es fehlten inferentielle statistische Analysen. Die Ergebnisse 
zur subjektiven Wahrnehmung zeigten, dass die robotergestützten Rollatoren im Allgemei-
nen positiv wahrgenommen wurden. 
 
Diskussion und Schlussfolgerung 
Manuskript II verdeutlicht, dass die Datenlage und Evidenz zur Effektivität und positiven 
Wahrnehmung von robotergestützten Rollatoren aus der Nutzerperspektive noch unzu-
reichend sind. Hierzu publizierte Ergebnisse basieren hauptsächlich auf subjektiven Bewer-
tungen der Studienautoren und weniger auf geeignete statistische Analysen. Dieses me-
thodische Vorgehen ist eher mit Beschreibungen von Anwendungsfällen vergleichbar und 
erlaubt keine evidenzbasierten Aussagen. Es bleibt somit unklar, ob die fehlende Evidenz 
auf die mangelnde Eignung der robotergestützten Rollatoren oder die teilweise erheblichen 
methodischen Defizite bisheriger Evaluationsstudien zurückzuführen ist. Insgesamt ist die 
Durchführung methodisch hochwertiger Evaluationsstudien notwendig, um die geringe Da-
tenlage qualitativ zu erweitern und evidenzbasierte Aussagen zum Mehrwert von roboter-
gestützten Rollatoren und deren innovativen Assistenzfunktionen für potentielle Nutzer so-
wie zur positiven Nutzerwahrnehmung treffen zu können. 
 
4.3  Manuskript III: Evaluation des im MOBOT-integrierten Navigationssystems bei 
älteren Personen mit und ohne kognitiver Einschränkung 
Werner, C., Moustris, G. P., Tzafestas, C. S. & Hauer, K. (2018). User-oriented evaluation 
of a robotic rollator that provides navigation assistance in frail older adults with and without 
cognitive impairment. Gerontology, 64(3), 278-290. DOI: 10.1159/000484663 
 
Hintergrund und Zielsetzung 
Die Fähigkeit der räumlichen Orientierung und Navigation nimmt mit zunehmendem Alter 
ab (Kirasic, 1991; Moffat, 2009). Dieser Rückgang ist vor allem bei älteren Personen mit 
kognitiven Einschränkungen zu beobachten (Cushman, Stein & Duffy, 2008; Hort et al., 
2007). Räumliche Orientierungsschwierigkeiten in unbekannten und vertrauen Umgebun-
gen zählen zudem zu den ersten Symptomen einer Demenz (Chiu et al., 2004; Pai & 
Jacobs, 2004). Da der Verlust der räumlichen Orientierung und Navigationsfähigkeit zu ei-
ner eingeschränkten Mobilität, Autonomie und Unabhängigkeit führen kann (Burns, 1999; 
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Passini et al., 1995), könnte die Unterstützung bei Orientierungs- und Navigationsproble-
men durch geeignete Assistenzsysteme von großem Nutzen für gebrechliche ältere Men-
schen mit solchen Problemen sein. Vor diesem Hintergrund wurde bei der Entwicklung von 
robotergestützten Rollatoren teilweise Assistenzsysteme verbaut, die ihre Nutzer bei der 
räumlichen Orientierung und Navigation unterstützen sollen. Die technische Implementie-
rung dieser Navigationssysteme basiert dabei auf ganz unterschiedlichen Konzepten. Man-
che robotergestützten Rollatoren führen ihre Nutzer eher passiv zu einem vorher festgeleg-
ten Ziel, indem sie ausschließlich Routeninformationen in Form von Sprachhinweisen (z. B. 
„Biegen Sie rechts ab.“), visuellen Anweisungen (z. B. Richtungspfeil auf einem Bildschirm) 
oder haptischen Richtungssignalen (z. B. Vibrationen am linken oder rechten Handgriff) ge-
ben, während der Nutzer jedoch jederzeit die volle Bewegungskontrolle über den Rollator 
behält (Glover et al., 2003; Kulyukin, Kutiyanawala, LoPresti, Matthews & Simpson, 2008; 
Wachaja et al., 2017). Andere robotergestützten Rollatoren unterstützen den Nutzer aktiver, 
indem sie ihre eigene Bewegungsrichtung über virtuelle Kräfte, die Steuerung der Lenkwin-
kel der Vorderräder oder die Verlangsamung der Geschwindigkeit beeinflussen, um so den 
Nutzer bei zu großen Abweichungen auf der vorher festgelegten Route zu halten (Morris et 
al., 2003; Palopoli et al., 2015; Rodriguez-Losada, Matia, Jimenez, Galan & Lacey, 2005; 
Yu, Spenko & Dubowsky, 2003). Unabhängig von ihrer technischen Implementierung ist die 
Evidenz für die Effektivität der Navigationssysteme von robotergestützten Rollatoren bei 
potentiellen Nutzern noch unzureichend. Die Ergebnisse der systematischen Literaturana-
lyse in Manuskript II deuten zwar darauf hin, dass sie hilfreich für die Steigerung der Navi-
gationsleistung ihrer Nutzer sein könnten, jedoch die Evidenz für deren Mehrwert für die 
Nutzer durch die erheblichen methodischen Mängel bisheriger Evaluationsstudien noch 
sehr gering ist (Werner et al., 2018). Ziel von Manuskript III war es daher zu überprüfen, ob 
das für den MOBOT-Rollator entwickelte Navigationssystem die Navigationsleistung von 
potentiellen Nutzern mit und ohne kognitiven Einschränkungen in einem realitätsnahen An-
wendungsszenario verbessern kann.  
 
Methodik 
In Anlehnung an die Kriterien der definierten Nutzergruppe des MOBOT-Rollators wurden 
42 ältere Personen im Alter von mindestens 65 Jahren aus geriatrischen Gesundheitsein-
richtungen rekrutiert (Akut- und Rehabilitationsstationen des AGAPLESION BETHANIEN 
KRANKENHAUS HEIDELBERG, Pflegeheim [AGAPLESION MARIA VON GRAIMBERG, 
AGAPLESION LINDENHOF], Verein für Rehabilitationssport in der Geriatrie [REGE e.V.]), 
die keine (Mini-Mental State Examination [MMSE] Score > 26 Pkt., Folstein, Folstein & 
McHugh, 1975) oder leichte bis moderate kognitive Einschränkungen (MMSE Score = 17-
26 Pkt.) hatten und auf einen Rollator als Gehilfe in ihrem Alltag angewiesen waren. Die 
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Teilnehmer wurden nach ihrem kognitiven Status gematcht und zufällig einer von zwei Test-
bedingungen zugeordnet, in der sie den MOBOT-Rollator entweder mit aktiviertem oder 
deaktiviertem Navigationssystem verwendeten. Alle Teilnehmer absolvierten einmalig ei-
nen zweigeteilten Navigationskurs in einer für den MOBOT-Rollator anwendungsnahen 
(geriatrisches Krankenhaus), aber für sie nicht vertrauten Umgebung. Die Teilnehmer mit 
aktiviertem Navigationssystem wurden während des Navigationskurses durch Sprachhin-
weise an kritischen Wegpunkten bei der Zielfindung unterstützt. Die Teilnehmer mit deakti-
viertem Navigationssystem erhielten keine Sprachhinweise und mussten den Navigations-
kurs mit Hilfe der Orientierung an den herkömmlichen Hinweisschildern und Wegweisern 
des Krankenhauses absolvieren. Die Parameter zur Bewertung der Navigationsleistung 
umfassten die Erfolgsrate, Durchführungszeit, Anzahl der Stopps, Stoppzeit, Wegstrecke 
sowie Ganggeschwindigkeit und wurden – mit Ausnahme der Erfolgsrate, welche durch den 
Testleiter aufgezeichnet wurde – basierend auf den Daten der im Rollator integrierten Sen-
sortechnik (optische Encoder, inertiale Messeinheiten, Laser-Entfernungsmesser) über 
etablierte Algorithmen aus dem Bereich der Positionsbestimmung von mobilen Robotern 
(z. B. Monte-Carlo-Lokalisation, Thrun, Fox, Burgard & Dellaert, 2001) berechnet.  
 
Ergebnisse 
Die Erfolgsraten für die Bewältigung der zwei Teile des Navigationskurses war sowohl in 
der Gesamtstichprobe als auch in den beiden Gruppen der kognitiv eingeschränkten und 
kognitiv nicht eingeschränkten Teilnehmer jeweils unabhängig von der Testbedingung (ak-
tiviertes vs. deaktiviertes Navigationssystem) (p > 0.999). Für die Durchführungszeit, An-
zahl der Stopps und Stoppzeit zeigte sich jedoch eine signifikante Wechselwirkung zwi-
schen der Testbedingung und dem kognitiven Status der Teilnehmer (p = 0.002-0.040, ηp2 
= 0.115-0.235). Demnach führte die Unterstützung des Navigationssystems bei der kognitiv 
eingeschränkten, nicht jedoch bei der kognitiv nicht eingeschränkten Gruppe (p = 0.165-
0.925) in beiden Teilen des Navigationskurses zu einer signifikant kürzeren Durchführungs-
zeit (p = 0.001-0.003), in Teil 1 zu einer signifikant kürzeren Stoppzeit (p = 0.014) und in 
Teil 2 zu signifikant weniger Stopps (p < 0.001). Für den komplexeren, zweiten Teil des 
Navigationskurses zeigte sich ein signifikanter Effekt der Testbedingung auf die Stoppzeit 
und Gehstrecke (p = 0.014-0.016, ηp2 = 0.162-0.171), wobei Teilnehmer, die mit Hilfe des 
Navigationssystems den Navigationskurs absolvierten, unabhängig von ihrem kognitiven 
Status kürzer stoppten und eine kürzere Wegstrecke zurücklegten als diejenigen Teilneh-
mer, die sich mit Hilfe der Hinweisschilder und Wegweiser orientieren mussten.  
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Diskussion und Schlussfolgerung 
Die Studienergebnisse belegen, dass die Navigation von potenzielle Nutzern eines robo-
tergestützten Rollators – insbesondere von denjenigen mit kognitiver Einschränkung – in 
einer für sie unbekannten Umgebung durch ein in den Rollator integriertes Navigationssys-
tem verbessert werden kann. Um die methodischen Defizite bisheriger Evaluationsstudien 
von robotergestützten Rollatoren zu vermeiden, wurde in der vorliegenden Untersuchung 
eine angemessene Anzahl von potentiellen Nutzern entsprechend der definierten Nutzer-
gruppe des robotergestützten Rollators eingeschlossen, ein komparatives Studiendesign 
(aktiviertes vs. deaktiviertes Navigationssystem) mit einer auf das Navigationssystem spe-
zifisch ausgerichtete Assessmentstrategie verwendet und die erfassten Daten mit statisti-
schen Methoden analysiert. Manuskript III kann damit als erste Studie betrachtet werden, 
die eine statistische Evidenz für die Effektivität eines in einem robotergestützten Rollator 
integrierten Navigationssystem zur Verbesserung der Navigationsleistung von potentiellen 
Nutzern des Rollators liefert.  
 
4.4  Manuskript IV: Überprüfung der konkurrenten Validität des MOBOT-integrier-
ten Ganganalysesystems bei älteren Personen mit Gangstörungen 
Werner, C., Chalvatzaki, G., Papageorgiou, X. S., Tzafestas, C. S., Bauer, J. M. & Hauer, 
K. (2019). Assessing the concurrent validity of a gait analysis system integrated into a smart 
walker in older adults with gait impairments. Clinical Rehabilitation, 33(10), 1682-1687. DOI: 
10.1177/0269215519852143 
 
Hintergrund und Zielsetzung 
Die Ganganalyse ist ein wichtiges klinisches sowie Forschungsinstrument zur Identifikation 
von Gangstörungen, Beurteilung des Sturzrisikos, Auswahl geeigneter Therapiemaßnah-
men und Überprüfung sowie Dokumentation von Interventionseffekten. Optische 3D-Bewe-
gungsanalysesysteme, Kraftmessplatten oder elektronische Gangmatten gelten als Gold-
standard für die klinische Erfassung von Gangparametern (Najafi, Khan & Wrobel, 2011), 
sind jedoch mit einem hohen instrumentellen, personellen, zeitlichen oder finanziellen Auf-
wand verbunden und auf Labormessungen beschränkt. Da insbesondere unter standardi-
sierten Laborbedingungen gemessene Gangparameter nicht das natürliche Gangbild einer 
Person im Alltag widerspiegeln (Brodie et al., 2016; Rispens et al., 2016; Takayanagi et al., 
2019) und von möglichen Reaktivitätseffekten (z. B. Hawthorne-Effekt) beeinflusst werden 
können (Robles-Garcia et al., 2015), fokussieren sich jüngste technologische Entwicklun-
gen in der Ganganalyse auf ambulante, am Körper getragene Sensoren (z. B. inertiale Mes-
seinheiten), welche eine unaufdringliche und kontinuierliche Erfassung des Gangbilds au-
ßerhalb des Labors im Alltag ermöglichen sollen (Chen, Lach, Lo & Yang, 2016; Muro-de-
la-Herran, Garcia-Zapirain & Mendez-Zorrilla, 2014). Solche Sensoren erfordern jedoch die 
Bereitschaft einer Person diese auch zu tragen und können – je nach Platzierung – als 
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störend und unangenehm empfunden werden. Darüber hinaus ist deren Validität für die 
Erfassung von räumlich-zeitlichen Gangparametern bei älteren Personen mit Rollatoren 
meist nicht bekannt. Vor dem Hintergrund, dass Patienten während der geriatrischen Re-
habilitation routinemäßig Rollatoren verordnet bekommen und viele andere ältere Erwach-
sene mit Mobilitätseinschränkungen diese ebenfalls als Gehhilfe im Alltag verwenden, be-
steht weiterhin ein Bedarf an validen Systemen, die auch bei diesen Personengruppen eine 
unaufdringliche und kontinuierliche Erfassung von räumlich-zeitlichen Gangparametern im 
alltäglichen Kontext ermöglichen. Ein möglicher Lösungsansatz hierfür könnten roboterge-
stützte Rollatoren darstellen, die mittels eines integrierten Ganganalysesystems die Gan-
gleistung ihrer Nutzer kontinuierlich während des Gehens erfassen. In manche roboterge-
stützten Rollatoren wurden solche Ganganalysesysteme basierend auf unterschiedlichen 
technischen Konzepte (z. B. optische Sensoren, inertiale Messeinheiten, Kraftsensoren) 
bereits integriert (Ballesteros, Urdiales, Martinez & Tirado, 2017; Paulo, Peixoto & Nunes, 
2017; Wang et al., 2016). Deren Validität für die Erfassung von räumlich-zeitlichen Gang-
parametern bleibt jedoch aufgrund der mangelnden methodischen Qualität ihrer Validie-
rungsstudien (kleine Stichproben, Teilnehmer nicht repräsentativ für die potentielle Nutzer-
gruppe der robotergestützten Rollatoren, kein Vergleich mit einem Referenzstandard und/o-
der fehlende statistische Analysen) bislang unklar integriert (Ballesteros et al., 2017; Paulo 
et al., 2017; Wang et al., 2016). Vor diesem Hintergrund war das Ziel von Manuskript IV, 
die konkurrente Validität des im MOBOT-Rollator integrierten Ganganalysesystems mittels 
eines etablierten Referenzstandards in einer geeigneten Anzahl von potentiellen Nutzern 
des Rollators statistisch zu überprüfen.  
 
Methodik 
Insgesamt wurde 25 potentielle Nutzer des MOBOT-Rollators ( 65 Jahre, MMSE Score 
 17 Pkt. (Folstein et al., 1975), moderate Gangstörungen = Verwendung eines Rollators 
als Gehhilfe im Alltag und/oder habituelle Ganggeschwindigkeit < 0,6 m/s) eingeschlossen. 
Alle Teilnehmer absolvierten mit Hilfe des MOBOT-Rollators eine mit dem GAITRite®-Sys-
tem (CIR Systems Inc., Havertown, PA, USA; (Bilney, Morris & Webster, 2003; Webster, 
Wittwer & Feller, 2005) ausgestattete 7,8 m Gehstrecke. Räumlich-zeitliche Gangparame-
ter (Zyklus-, Schwung- und Standzeit, Schreitlänge, Ganggeschwindigkeit) wurden dabei 
gleichzeitig mittels des GAITRite®-Systems und des MOBOT-integrierten Ganganalysesys-
tems erfasst. Das Ganganalysesystem des MOBOT-Rollators basiert auf einem Laser-Ent-
fernungsmesser (UBG-04LX-F01; Hokuyo Automatic Co., Ltd, Osaka, Japan), der an der 
Rückseite des Rollators auf einer Höhe von 35 cm mit Blick Richtung der Beine des Nutzers 
angebracht ist, aus dessen Daten mittels probalistischer Datenassoziationen, Partikelfilter 
und Hidden Markov Modellen räumlich-zeitliche Gangparameter des Nutzers extrahiert 
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wurden (Chalvatzaki, Papageorgiou & Tzafestas, 2017). Ein zukünftiges Ziel bei der Ent-
wicklung des Ganganalysesystems ist es, auf Grundlage einer validen, kontinuierlichen Er-
fassung der räumlich-zeitlichen Gangparameter des Rollator-Nutzers im Alltag, einen kon-
textbewussten, robotergestützten Rollator zu entwickeln, welcher sein Verhalten in Echtzeit 
an das aktuell erfasste Gangbild des Nutzers anpasst. Die konkurrente Validität wurde mit-
tels der Bland-Altman-Methode (mittlere Differenzen, 95%-Übereinstimmungsgrenzen) 
(Bland & Altman, 1986), prozentualen Fehlern (klinisch akzeptabel < 30 %) (Critchley & 
Critchley, 1999), Intra-Klassen-Korrelationskoeffizienten (ICC) für die Konsistenz (ICC3,1) 
und absolute Übereinstimmung (ICC2,1) zwischen den beiden Messinstrumenten bewertet.  
 
Ergebnisse 
Für die Zyklus-, Schwung- und Standzeit zeigten sich zwischen den Messinstrumenten mitt-
lere Differenzen von -0,04 bis 0,04 s und klinisch akzeptable Fehler (8,7–23,0 %). Deutlich 
höhere mittlere Differenzen und nicht akzeptable prozentuale Fehler ergaben sich für die 
Schreitlänge (0,20  0,11 m; 31,3 %) und die Ganggeschwindigkeit (0,19  0,13 m/s, 42,3 
%). Auch die 95%-Übereinstimmungsgrenzen waren deutlich schmaler für die zeitlichen 
(Zykluszeit: -0,10-0,11 s; Schwungzeit: -0,07-0,16 s; Standzeit: -0,12-0,20 s) als für die 
raumbezogenen (Schreitlänge: -0,02-0,42 m, Ganggeschwindigkeit = -0,07-0,44 m/s) 
Gangparameter. Für alle Gangparameter zeigte sich eine gute bis exzellente Konsistenz 
zwischen den Messinstrumenten (ICC3,1 = 0.72–0.97). Die absolute Übereinstimmung für 
alle zeitlichen Gangparameter war ebenfalls gut bis exzellent (ICC3,1 = 0.72-0.97), jedoch 
nur gering bis mittelmäßig für die raumbezogenen Gangparameter (ICC2,1 = 0.37-0.52). 
 
Diskussion und Schlussfolgerung 
Manuskript IV repräsentiert die erste Studie, welche die Validität eines in einen roboterge-
stützten Rollator integrierten Ganganalysesystems mittels eines etablierten Referenzstan-
dards (GAITRite®) in einer angemessenen Anzahl potentieller Rollator-Nutzern statistisch 
überprüft. Die Studienergebnisse zeigen, dass das MOBOT-integrierte Ganganalysesys-
tem gegenüber dem GAITRite®-System eine hohe konkurrente Validität für die Erfassung 
von zeitlichen (Zyklus-, Schwung-, Standzeit), nicht jedoch von raumbezogenen (Schreit-
länge, Ganggeschwindigkeit) Gangparametern aufweist. Die Schreitlänge und Gangge-
schwindigkeit können zwar ebenfalls mit hoher Konsistenz gemessen werden, aber ledig-
lich mit einer begrenzten absoluten Genauigkeit. Insgesamt stellt Manuskript IV einen wich-
tigen Entwicklungsschritt für die valide, kontinuierliche Erfassung der Gangleistung von 
Rollator-Nutzern im Alltag sowie für die Entwicklung eines kontextbewussten, adaptiven 
robotergestützten Rollators dar.  
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4.5  Manuskript V: Evaluation der MOBOT-integrierten Assistenzfunktion zur Hin-
dernisvermeidung bei älteren Personen mit motorischen Einschränkungen 
Geravand, M., Werner, C., Hauer, K. & Peer, A. (2016). An integrated decision making 
approach for adaptive shared control of mobility assistive robots. International Journal of 
Social Robotics, 8(5), 631-648. DOI: 10.1007/s12369-016-0353-z 
 
Manuskript V entstand federführend durch Mitarbeiter des Lehrstuhls für Steuerungs- und 
Regelungstechnik der Technischen Universität München (Dr. Milad Geravand) und des 
Bristol Robotics Laboratory, University of the West of England (Prof. Dr. Angelika Peer). 
Der Fokus dieses Manuskripts liegt daher auf dem technischen Konzept sowie der techni-
schen Implementierung und Validierung der Steuerungsarchitektur des MOBOT-Rollators 
(„adaptive shared control“). Manuskript V beinhaltet jedoch auch die Beschreibung der nut-
zerorientierten, klinischen Evaluationsstudie der im MOBOT-Rollator integrierten Assistenz-
funktion zur Hindernisvermeidung (siehe Anhang: Manuskript V, S. 169 ff., 6.2 User Study), 
die am AGAPLESION BETHANIEN KRANKENHAUS HEIDELBERG durchgeführt wurde 
und an deren Konzeption, Durchführung, Auswertung und Veröffentlichung der Verfasser 
dieser Dissertation maßgeblich beteiligt war. Die nachfolgende Zusammenfassung bezieht 
sich daher lediglich auf die klinische Perspektive dieser Assistenzfunktion und die in Manu-
skript V unter Punkt 6.2 beschriebene Evaluationsstudie.  
 
Hintergrund und Zielsetzung 
Stürze bei älteren Menschen sind häufig bedingt durch Probleme mit räumlichen Hindernis-
sen (Tinetti, Speechley & Ginter, 1988). Hindernissen während des Gehens auszuweichen 
oder sie angemessen überwinden zu können, stellt somit eine wichtige Fähigkeit für die 
sichere Fortbewegung im Alltag dar. Mit zunehmendem Alter nimmt diese Fähigkeit jedoch 
ab (Chen, Ashton-Miller, Alexander & Schultz, 1991, 1994; Weerdesteyn, Nienhuis & 
Duysens, 2005), was ein möglicher Grund für die erhöhte Sturzrate von älteren Menschen 
sein könnte (Di Fabio, Kurszewski, Jorgenson & Kunz, 2004; McFadyen & Prince, 2002). 
Manche Studien zeigen, dass Rollatoren die Balance und Mobilität ihrer Nutzer verbessern 
sowie Stürze reduzieren können (American Geriatrics Society, British Geriatrics Society & 
American Academy of Orthopaedic Surgeons Panel on Falls Prevention, 2001; Bateni & 
Maki, 2005; Graafmans, Lips, Wijlhuizen, Pluijm & Bouter, 2003; Jensen, Lundin-Olsson, 
Nyberg & Gustafson, 2002; Salminen, Brandt, Samuelsson, Toytari & Malmivaara, 2009), 
wobei wiederum andere Studien von einem erhöhten Sturzrisiko mit Rollatoren berichten 
(Bateni, Heung, Zettel, McLlroy & Maki, 2004; Mann, Hurren, Tomita & Charvat, 1995). Ei-
nes der Hauptprobleme von Rollatoren ist, dass eine Person mehr Platz benötigt, um sich 
mit ihm fortzubewegen. Dies kann schnell zu Schwierigkeiten und Kollisionen mit Hinder-
nissen in der Umgebung führen, die wiederum Stürze verursachen können. Umfragen zu 
möglichen Problemen und zur Nutzerzufriedenheit mit Rollatoren zeigen zudem, dass das 
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Überwinden und Umgehen von Hindernissen mit einem Rollator ein häufig genanntes Prob-
lem ist (Lindemann et al., 2016) und dass Kollisionen mit Hindernissen in der Umgebung 
zu Frustration sowie Ärger führen können (Brandt, Iwarsson & Stahl, 2003). In roboterge-
stützte Rollatoren sind daher häufig Assistenzfunktionen zur Hindernisevermeidung inte-
griert, mit dem Ziel, mögliche Gefahrensituationen mit Hindernissen in der Umgebung zu 
vermeiden und das damit verbunden Sturzrisiko zu reduzieren (Martins et al., 2015; Werner 
et al., 2016). Der Nachweis für die Effektivität dieser Assistenzfunktionen bei der Hindernis-
vermeidung von Nutzern eines robotergestützten Rollators ist aufgrund der methodischen 
Defizite bisheriger Evaluationsstudien hierzu jedoch noch unzureichend geklärt (Werner et 
al., 2018). Vor diesem Hintergrund war ein Ziel von Manuskript III, die Effektivität der im 
MOBOT-intergierten Assistenzfunktion zur Hindernisvermeidung zu überprüfen und dabei 
die methodischen Defizite bisheriger Evaluationsstudien zu vermeiden. 
 
Methodik 
Entsprechend der Definition der Nutzergruppe des MOBOT-Rollators wurden 35 Personen 
im Alter von  65 Jahre ohne schwere kognitive Einschränkungen (MMSE Score  17 Pkt., 
Folstein et al., 1975) eingeschlossen, die alle auf einen Rollator als Gehilfe in ihrem Alltag 
angewiesen waren. Die Teilnehmer absolvierten mit Hilfe des MOBOT-Rollators einen 
selbst entworfenen, ca. 40 m langen Hindernisparcours unter drei unterschiedlichen, rand-
omisierten Testbedingungen: (B1) deaktivierte Hindernisvermeidung, (B2) aktivierte Hin-
dernisvermeidung basierend auf einem in der Literatur bereits vorhandenen technischen 
Ansatz (Hirata, Hara & Kosuge, 2007) und (B3) aktivierte Hindernisvermeidung basierend 
auf dem in Manuskript V vorgestellten, neu entwickelten Ansatz. Zur Bewertung der Leis-
tung im Hindernisparcours wurde die Anzahl der Kollisionen und die Annährungsgeschwin-
digkeit an die Hindernisse über die integrierte Sensortechnik des MOBOT-Rollators erfasst 
sowie die Durchführungszeit vom Testleiter dokumentiert.  
 
Ergebnisse 
Die unterschiedlichen Testbedingungen zeigten keinen signifikanten Effekt auf die Durch-
führungszeit (p = 0.286), jedoch auf die Anzahl der Kollisionen und die Annäherungsge-
schwindigkeit an die Hindernisse (p = 0.033). Im Vergleich zur Testbedingung, in der die 
Hindernisvermeidung deaktiviert war, reduzierte sich die Anzahl der Kollisionen und die 
Annäherungszeiten an die Hindernisse signifikant mit der aktivierten, neu entwickelten Hin-
dernisvermeidung (B1 vs. B2: p = 0.003-0.049). Weitere signifikanten Unterschiede zwi-
schen den Testbedingungen wurden nicht festgestellt (B2 vs. B1 / B3: p = 0.074-0.999).  
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Diskussion und Schlussfolgerung 
Die in Manuskript V beschriebenen Ergebnisse zur nutzerorientierten Evaluationsstudie zei-
gen, dass durch die Verwendung der Assistenzfunktion für die Hindernisvermeidung des 
MOBOT-Rollators die Leistung von potentiellen Nutzern des MOBOT-Rollators in einem 
Hindernisparcours signifikant verbessert werden kann. Der neu entwickelte technische An-
satz für diese Assistenzfunktion führte zu einer geringeren Anzahl von Kollisionen und einer 
niedrigeren Annäherungsgeschwindigkeit an die Hindernisse, ohne dass dabei die Durch-
führungszeit erhöht wurde. Die unveränderte Durchführungszeit spricht dafür, dass der vor-
geschlagene technische Ansatz für die sensorische Unterstützung der Rollator-Nutzer die 
normale Aktivität mit dem MOBOT-Rollator nicht beeinträchtigt, dabei aber gleichzeitig Ge-
fahrensituationen (Kollisionen mit Hindernissen) mit einem Rollator reduziert bzw. ein si-
cheres Herantreten an Hindernisse gewährleistet. In Anbetracht der methodischen Defizite 
bisheriger Evaluationsstudien von robotergestützten Rollatoren, liefert Manuskript V erst-
mals einen statistischen Nachweis für die Effektivität der Hindernisvermeidung eines sol-
chen Rollators bei potentiellen Nutzern von robotergestützten Rollatoren.  
 
4.6 Manuskript VI: Evaluation der MOBOT-integrierten Aufstehhilfe bei älteren 
Personen mit motorischen Einschränkungen 
Werner, C. Geravand, M., Korondi, P. Z., Peer, A., Bauer, J. M. & Hauer, K. (2020). Evalu-
ating the sit-to-stand transfer assistance from a smart walker in older adults with motor 
impairments. Geriatrics & Gerontology International. DOI: 10.1111/GGI.13874 
 
Hintergrund und Zielsetzung 
Der Transfer von einer sitzenden in eine stehende Körperposition stellt eine motorische 
Schlüsselqualifikation des Alltags dar. Ältere Personen zeigen jedoch häufig Probleme beim 
Sitzen-Stehen-Transfer (STS) (Guralnik et al., 1994; Williamson & Fried, 1996), die mit ei-
nem erhöhten Sturzrisiko sowie einem Verlust der Mobilität, Selbstständigkeit und Lebens-
qualität assoziiert sind (Fusco et al., 2012; Guralnik et al., 1994). Ein altersgerechtes As-
sistenzsystem zur Unterstützung des STS dieser Personen könnte dazu beitragen, deren 
Sturzrisiko zu verringern sowie deren Mobilität, Unabhängigkeit und Lebensqualität zu för-
dern. Manche robotergestützten Rollatoren besitzen daher Assistenzfunktionen, die ihre 
Nutzer auch beim STS unterstützen sollen (Martins et al., 2015; Page, Saint-Bauzel, 
Rumeau & Pasqui, 2017; Werner et al., 2016). Da bisherige Evaluationsstudien von robo-
tergestützten Rollatoren mit integrierten Aufstehhilfen jedoch erhebliche methodische Defi-
zite aufweisen (kleine Stichproben, Teilnehmer nicht repräsentativ für die potentielle Nut-
zergruppe der robotergestützten Rollatoren, keine spezifisch auf die Aufstehhilfe ausgerich-
teten Assessmentstrategien, keine Erhebung der Nutzerzufriedenheit, keine inferentielle 
statistische Analysen), existiert bislang keine ausreichende Evidenz für deren Effektivität 
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und Nutzerzufriedenheit (Werner et al., 2018). Die in Manuskript VI beschriebene Studie 
hatte daher zum Ziel, die methodischen Defizite von bisherigen Evaluationsstudien zu ver-
meiden und eine möglichst aussagekräftige und methodisch hochwertige Überprüfung der 
Effektivität und Nutzerzufriedenheit mit der Aufstehhilfe des MOBOT-Rollators zu gewähr-
leisten. Zudem wurde eine Prädiktorenanalyse durchgeführt, um potentielle Einflussfakto-
ren von Nutzercharakteristika auf die Effektivität und Nutzerzufriedenheit zu identifizieren. 
 
Methodik 
Potentielle Nutzer (n = 33) des MOBOT-Rollators ( 65 Jahre, MMSE Score  17 Pkt. 
(Folstein et al., 1975), Verwendung eines Rollators als Gehhilfe im Alltag) absolvierten ei-
nen fünftmaligen Aufstehtest zunächst ohne und anschließend mit der Aufstehhilfe des 
MOBOT-Rollators. Anhand der erfolgreich durchgeführten STS wurden Erfolgsraten (in %) 
für beide Testbedingungen berechnet. Die Nutzerzufriedenheit mit der Aufstehhilfe wurde 
mittels des Telehealthcare Satisfaction Questionnaire – Wearable Technology (TSQ-WT, 
Spannweite = 0-80 Pkt.) erfasst (Chiari, van Lummel, Pfeiffer, Lindemann & Zijlstra, 2009). 
Demographische, anthropometrische, funktionelle, körperliche, kognitive und psychologi-
sche Eigenschaften der Teilnehmer wurden als Prädiktoren für die Erfolgsrate und Nutzer-
zufriedenheit mit der Aufstehhilfe analysiert. 
 
Ergebnisse 
Die Erfolgsrate mit der MOBOT-integrierten Aufstehhilfe (93,3 ± 12,9 %) war signifikant hö-
her (p < 0.001) als die ohne jegliche Hilfe (54,5 ± 50,6 %). Mit einem TSQ-WT Score von 
62,5 ± 11,2 Pkt. zeigte sich eine hohe Nutzerzufriedenheit. Die Erfolgsrate mit der Aufsteh-
hilfe war mit keiner der untersuchten Eigenschaften der Teilnehmer signifikant assoziiert 
(p = 0.183-0.999). Ein höherer Body-Mass-Index als signifikanter, unabhängiger Prädiktor 
für eine höhere Nutzerzufriedenheit identifiziert (β = 0.48, R2 = 0.23, p = 0.005).  
 
Diskussion und Schlussfolgerung 
Manuskript VI belegt, dass bei motorisch eingeschränkten, älteren Personen die Erfolgsrate 
für den Transfer von einer sitzenden in eine stehende Position signifikant durch die Auf-
stehhilfe des MOBOT-Rollators verbessert werden kann. Es ist es somit erstmals gelungen, 
einen statistischen Nachweis für die Effektivität der Aufstehhilfe eines robotergestützten 
Rollators in repräsentativen Nutzergruppe eines solchen Rollators zu erbringen. Die Ergeb-
nisse zeigen zudem eine hohe Zufriedenheit mit der Aufstehhilfe bei möglichen Rollator-
Nutzern, insbesondere bei denjenigen, die einen höheren Body-Mass-Index aufweisen. Ma-
nuskript VI deutet auf das Potenzial eines robotergestützten Rollators mit integrierter Auf-
stehhilfe hin, bei älteren Personen mit motorischen Beeinträchtigungen das Sturzrisiko zu 
reduzieren und die Mobilität, Unabhängigkeit und Lebensqualität zu fördern. 
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4.7 Manuskript VII: Bewertung der Effektivität und Nutzerzufriedenheit mit unter-
schiedlichen Betriebsmodi eines Duschroboters bei älteren Personen mit Ein-
schränkungen beim Duschen 
Werner, C., Dometios, A. C., Maragos, P., Tzafestas, C. S., Bauer, J. M. & Hauer, K. Eval-
uating the task effectiveness and user satisfaction with different operation modes for an 
assistive bathing robot in older adults with bathing disability. Under review in Assistive Tech-
nology. 
 
Hintergrund und Zielsetzung 
Ältere Menschen haben meist wenig Erfahrung mit neuen Technologien und tuen sich oft 
schwer mit deren Bedienung. Eine der größten Herausforderungen bei der Entwicklung von 
altersgerechten Assistenzrobotern für ältere Menschen besteht daher darin, die Mensch-
Roboter-Interaktion so einfach wie möglich zu gestalten (Ka, Ding & S., 2015). Ein mögli-
cher Ansatz zur Vereinfachung dieser Interaktion besteht darin, die kognitive Anforderung 
für den Nutzer zu reduzieren, indem die Autonomie des Assistenzroboters erhöht wird. 
Frühere Studien mit z. B. Telemedizin-Robotern oder robotergestützten Gehhilfen/Rollstüh-
len deuten darauf hin, dass mit zunehmender Autonomie von robotergestützten Assistenz-
systemen auch deren Effektivität bei der Bewältigung der für sie vorgesehenen Aufgabe(n) 
ansteigt (Erdogan & Argall, 2017; Kim et al., 2012; Koceska, Koceski, Beomonte Zobel, 
Trajkovik & Garcia, 2019; Werner et al., 2018; Yu et al., 2003). Demgegenüber zeigt sich 
jedoch auch, dass die autonomsten Betriebsmodi mit der höchsten Effektivität nicht immer 
diejenigen sind, die bei den Nutzern auf die größte Zufriedenheit stoßen und sie es eher 
bevorzugen, bei der Interaktion so viel Kontrolle wie möglich über den Assistenzroboter zu 
haben (Cooper et al., 2012; Kim et al., 2012; Yu et al., 2003). Für altersgerechte Assistenz-
roboter, die eine so sensible und intime ADL wie das Baden/Duschen unterstützen sollen, 
fehlen jedoch bislang Kenntnisse hinsichtlich der Effektivität und Nutzerzufriedenheit mit 
unterschiedlich autonomen Betriebsmodi. Das primäre Ziel der in Manuskript VIII beschrie-
benen Studie bestand daher darin, die Effektivität und Nutzerzufriedenheit mit drei unter-
schiedlich autonomen Betriebsmodi für den I-SUPPORT-Duschroboter (autonomer, robo-
terassistierter und telemanipulativer Modus) innerhalb eines Duschszenarios bei potentiel-
len Nutzern zu untersuchen. Ein sekundäres Ziel war es, die Nutzerzufriedenheit mit den 
Betriebsmodi auf mögliche Wechselwirkungen mit bestimmten Nutzercharakteristika zu 
überprüfen. 
 
Methodik 
Die Studie wurde im Messwiederholungsdesign („within subject“-Design) durchgeführt, wo-
bei 25 ältere Personen mit Problemen beim Baden/Duschen (Barthel Index, Item „Ba-
den/Duschen“ = 0 Pkt., Mahoney & Barthel, 1965) und keinen schweren kognitiven Ein-
schränkungen (MMSE Score > 17 Pkt. Folstein et al., 1975) ein Duschszenario für einen 
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definierten Körperbereich (oberer Rücken) mit jeweils drei unterschiedlichen Betriebsmodi 
des I-SUPPORT-Duschroboters absolvierten. Die unterschiedlichen Betriebsmodi umfass-
ten (1) einen vollständig vom Roboter kontrollierten, autonomen Modus; (2) einen vom Teil-
nehmer kontrollierten, aber vom Roboter assistierten Modus („shared control“) und (3) einen 
vollständig vom Teilnehmer kontrollierten, telemanipulativen Modus. Die Effektivität mit den 
Betriebsmodi wurde anhand des erfolgreich abgeduschten, prozentualen Anteils des obe-
ren Rückenbereichs innerhalb eines standardisierten Zeitraums bewertet, welcher objektiv 
basierend auf den aufgezeichneten Daten der im Duschroboter integrierten Sensortechnik 
(Kinect v2 Kamera) und Bewegungssteuerung (Dometios, Papageorgiou, Arvanitakis, 
Tzafestas & Maragos, 2017) berechnet wurden. Der After-Scenario-Questionnaire (ASQ, 
Spannweite = 1-7 Pkt., Lewis, 1995) wurde verwendet, um die Benutzerzufriedenheit mit 
den drei unterschiedlichen Betriebsmodi zu erfassen (Lewis, 1995). Eine geringere Punkt-
zahl im ASQ deuten dabei auf eine höhere Nutzerzufriedenheit. Demographische, klinische, 
funktionelle, körperliche, kognitive und psychologische Eigenschaften der Teilnehmer wur-
den auf mögliche Wechselwirkungen mit der Nutzerzufriedenheit untersucht.   
 
Ergebnisse 
Der Betriebsmodus des Duschroboters hatte einen signifikanten Effekt auf die Effektivität 
innerhalb des Duschszenarios (p < 0.001). Im autonomen Modus wurde bei allen Teilneh-
mern der gesamte obere Rückenbereich (100,0 ± 0,0 %) erfolgreich abgeduscht. Im Ver-
gleich dazu war die Effektivität in den beiden von den Teilnehmern kontrollierten Modi sig-
nifikant geringer (roboterassistierter Modus = 79,4 ± 18,2 %, p = 0.001; telemanipulativer 
Modus = 64,4 ± 19,4 %, p < 0.001). Beim Vergleich der beiden von den Teilnehmern kon-
trollierten Modi untereinander zeigte sich eine signifikant höhere Effektivität mit dem robo-
terassistierten Modi (p = 0.009). Auch auf die Zufriedenheit der Teilnehmer hatte der Be-
triebsmodus einen signifikanten Effekt (p = 0.037). Für den autonomen Modus war die Nut-
zerzufriedenheit (ASQ = 2,0 ± 1,0) signifikant bzw. tendenziell höher als mit dem telemani-
pulativen (ASQ = 2,5 ± 1,5, p = 0.003) und roboterassistierten Modus (ASQ = 3,0 ± 1,4, p 
= 0.070). Signifikante Wechselwirkungen zwischen der Nutzerzufriedenheit und den per-
sönlichen Eigenschaften der Teilnehmer wurden nicht festgestellt (p = 0.491-0.826).  
 
Diskussion und Schlussfolgerung  
Die Studienergebnisse von Manuskript VIII zeigen, dass der autonome Betriebsmodus des 
I-SUPPORT-Duschroboters sehr effektiv und zuverlässig war, um einen definierten Körper-
bereich abzuduschen. Eine deutlich geringere Effektivität wurde für die Betriebsmodi beo-
bachtet, in denen der Duschroboter hauptsächlich von den Teilnehmern kontrolliert wurde. 
Je geringer dabei die Unterstützung des Duschroboters war, desto niedriger war auch die 
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Effektivität. Mit zunehmender Kontrolle der Teilnehmer über den Duschroboter verringerte 
sich jedoch nicht nur die Effektivität, sondern auch die Nutzerzufriedenheit. Präferenzen für 
einen bestimmten Betriebsmodus wurden bei den verschiedenen Untergruppen von Teil-
nehmern nicht beobachtet. Insgesamt deuten die Studienergebnisse darauf hin, dass es für 
eine effektive und höchst zufriedenstellende Interaktion zwischen einem Duschroboter und 
potenziellen, älteren Nutzern notwendig zu sein scheint, Betriebsmodi mit einem hohen 
Maß an Autonomie auf Seiten des Roboters zu implementieren, welche ein Minimum an 
Nutzereingaben erfordern. 
 
4.8 Manuskript VIII: Verbesserung der gestenbasierten Interaktion zwischen ei-
nem Duschroboter und älteren Personen durch ein Nutzertraining 
Werner, C., Kardaris, N., Koutras, P., Zlatintsi, A., Maragos, P., Bauer, J. M. & Hauer, K. 
(2020). Improving gesture-based interaction between an assistive bathing robot and older 
adults via user training on the gestural commands. Archives of Gerontology and Geriatrics, 
87, 103996. DOI: 10.1016/j.archger.2019.103996. 
 
Hintergrund und Zielsetzung 
Um eine erfolgreiche Zusammenarbeit von älteren, meist Technik unerfahrenen Menschen 
und robotergestützten Assistenzsystemen zu ermöglichen, sollte deren Mensch-Roboter-
Interaktion möglichst auf einer natürlichen, intuitiven und einfachen Bedienbarkeit beruhen. 
Da sie als die natürlichste und einfachste Form der Kommunikation zwischen Menschen 
gilt, basiert die Interaktion zwischen Mensch und Roboter häufig auf verbaler Kommunika-
tion, bei der der Roboter anhand von Sprachbefehlen des Nutzers bedient und gesteuert 
wird (Mavridis, 2015). In realen Anwendungsszenarien von robotergestützten Assistenz-
systemen können Sprachbefehle jedoch durch Rauschen, Nachhall und andere störende 
Schallquellen beeinträchtigt werden (Alameda-Pineda & Horaud, 2015). Angesichts der 
Störquellen für die verbale Mensch-Roboter-Interaktion und der Tatsache, dass Gesten 
ebenfalls eine zentrale Rolle in der natürlichen menschlichen Kommunikation spielen 
(Goldin-Meadow & Alibali, 2013), ist die gestenbasierte Steuerung zu einem Kernelement 
bei der Entwicklung von natürlich, intuitiv und einfach zu bedienenden Robotern geworden 
(Hernandez-Belmonte & Ayala-Ramirez, 2016). Die Entwicklung im Bereich gestenbasier-
ter Mensch-Roboter-Interaktion scheint sich dabei bislang häufig auf die Verbesserung in 
der Erkennung und Interpretation der Gesten durch die Integration neuer Hardwareentwick-
lungen bzw. die Entwicklung neuer Softwarealgorithmen konzentriert zu haben (Guler et 
al., 2016; Liu & Wang, 2018; Wang, Kläser, Schmid & Cheng-Lin, 2011). Eine erfolgreiche 
gestenbasierte Mensch-Roboter-Interaktion ist jedoch nicht nur eine Frage der technischen 
Leistungsfähigkeit des im Roboter integrierten Gestenerkennungssystems, sondern auch 
der Bewegungsausführung und Qualität der Gesten des Nutzers. Insbesondere bei älteren 
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Menschen mit funktionellen Einschränkungen (= primäre Nutzergruppen von altersgerech-
ten, robotergestützten Assistenzsystemen), die häufig auch Einschränkungen in den für die 
Ausführung von Gesten beteiligten kognitiven Fähigkeiten (z. B. Aufmerksamkeitskontrolle, 
Informationsverarbeitung, Exekutivfunktion, räumlich-visuelle Fähigkeiten) aufweisen 
(Gure, Langa, Fisher, Piette & Plassman, 2013; Häkkinen et al., 2007; Harada et al., 2013), 
kann die Bewegungsausführung der Gesten erheblich beeinträchtigt sein. Um eine ausrei-
chende Qualität der Gesten für eine erfolgreiche Mensch-Roboter-Interaktion in dieser Per-
sonengruppe zu gewährleisten, scheint es daher sinnvoll, Trainingsprogramme oder Schu-
lungen mit den älteren Nutzern durchzuführen, in denen die Interaktion mit dem Roboter 
trainiert wird. Solche Nutzertrainings sind dabei nicht nur wichtig für eine ausreichende Qua-
lität der Nutzereingabe, sondern auch für den Abbau von negativen Emotionen und die 
Steigerung der Akzeptanz des Nutzers gegenüber den Assistenzrobotern (Louie, McColl & 
Nejat, 2014; Tacken, Marcellini, Mollenkopf, Ruoppila & Széman, 2005). Die in Manuskript 
VII beschriebene Studie hatte primär zum Ziel, die Effekte eines spezifischen Nutzertrai-
nings auf die gestenbasierte Mensch-Roboter-Interaktion zwischen dem I-SUPPORT-
Duschroboter und dessen potentiellen Nutzern zu untersuchen. Sekundäre Studienziele 
waren (1) die Überprüfung von potentiellen Einflussfaktoren bestimmter Nutzercharakteris-
tika auf die initiale Bewegungsausführung der Gesten sowie auf die Trainingseffekte und 
(2) die Überprüfung des Zusammenhangs zwischen der Bewegungsausführung der Gesten 
und der Gestenerkennungsrate des I-SUPPORT-Duschroboters. 
 
Methodik 
Insgesamt 25 ältere Personen mit Problemen beim Baden/Duschen (Barthel Index, Item 
„Baden/Duschen“ = 0 Pkt., Mahoney & Barthel, 1965) und keinen schweren kognitiven Ein-
schränkungen (MMSE Score > 17 Pkt., Folstein et al., 1975) nahmen an der quasi-experi-
mentellen Eingruppen-Prä-Post-Studie teil. Nach einer kurzen Einführung in die gestenba-
sierte Interaktion mit dem I-SUPPORT-Duschroboter wurde jeder Teilnehmer aufgefordert 
diesen mittels der in der Einführung vorgestellten Gesten zu steuern. Direkt im Anschluss 
absolvierte jeder Teilnehmer eine 10- bis 15-minütige spezifische Trainingseinheit zur Ver-
besserung der Bewegungsausführung dieser Gesten. Hierfür wurden spezifische Lehrme-
thoden angewandt und Übungsbedingungen geschaffen (Spiegeltechnik, Verknüpfung von 
Bewegungen mit bestimmten Assoziationen, haptische Unterstützung, hohe Wiederho-
lungszahlen), die sich bereits als effektiv für das motorische Lernen bei älteren Menschen 
mit kognitiven Einschränkungen erwiesen haben (van Halteren-van Tilborg, Scherder & 
Hulstijn, 2007; Werner et al., 2017). Nach der Trainingseinheit wurden die Teilnehmer auf-
gefordert den I-SUPPORT-Duschroboter erneut mittels der Gesten zu steuern. Die Ausfüh-
rung der Gesten vor und nach der Trainingseinheit wurde per Video aufgezeichnet und 
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anhand eines standardisierten klinischen Tests zur Bewertung von Gesten (Test of Upper 
Limb Apraxia [TULIA], Vanbellingen et al., 2010) beurteilt (TULIA Gesamtscore, Spann-
weite = 0-5 Pkt.). Weitere Parameter zur Bewertung der Gesten umfassten technisch hin-
terlegte Leistungswerte („sensor-based gestural performance“ [SGP] Gesamtscore, Spann-
weite = 0-1 Pkt.), die über etablierte Algorithmen aus den aufgezeichneten Daten des Ges-
tenerkennungssystems des I-SUPPORT-Duschroboters bestimmt wurden (Platt, 2000; 
Schuldt, Laptev & Caputo, 2004; Wang et al., 2011), und die Gestenerkennungsrate des I-
SUPPORT-Duschroboters („command recognition rate“ [CRR], Spannweite = 0-100 %). 
Persönliche Eigenschaften der Teilnehmer wurden auf mögliche Zusammenhänge mit der 
Bewegungsausführung der Gesten sowie den Trainingseffekten analysiert. 
 
Ergebnisse 
Vor der Trainingseinheit war die Ausführung der Gesten und die Gestenerkennungsrate 
eher schlecht bis mittelmäßig (Prä-Test: TULIA, Median [Interquartilsbereich, IQR] = 2,4 
Pkt. [IQR 1,8-2,9], SGP = 0,60 Pkt. [IQR 0,47-0,67], CRR = 85,7 % [IQR 50,0-85,7]). Eine 
höhere initiale Bewegungsqualität der Gesten war signifikant mit höheren kognitiven Leis-
tungen (r = 0.68, p < 0.001) und einer geringeren Angst vor Technologien assoziiert (r = 
0.41-0.59, p = 0.002-0.041). Sowohl die Ausführung der Gesten als auch die Gestenerken-
nungsrate verbesserten sich signifikant (p < 0.001-0.003) über die Trainingseinheit (Post-
Test: TULIA = 3,6 Pkt. [IQR 2,9-3,9], SGP = 0,80 Pkt. [IQR 0,60-0,87], CRR = 100,0 % [IQR 
71,4-100,0]). Diese Verbesserungen waren dabei sehr hoch miteinander assoziiert (r = 
0.80-0.81, p < 0.001). Die größten Verbesserungen in der Ausführung der Gesten zeigte 
sich bei den Teilnehmern, welche die größte Angst vor Technologien hatten (r = -0.41, p = 
0.041) und die Gesten vor der Trainingseinheit am schlechtesten durchführten (r = 0.52-
0.67, p < 0.001-0.008). 
 
Diskussion und Schlussfolgerung 
Die Studienergebnisse von Manuskript VIII zeigen zunächst, dass die kurze Einführung in 
die gestenbasierte Interaktion mit einem robotergestützten Assistenzsystem bei älteren, po-
tentiellen Nutzern dieser Systeme nicht ausreichend war, um eine angemessene Mensch-
Roboter-Interaktion zu gewährleisten. Die notwendige Bewegungsqualität der Gesten 
scheint hierfür initial zu schlecht gewesen zu sein. Durch die 10- bis 15-minütige, spezifisch 
an die Bedürfnisse der Nutzergruppe angepasste Trainingseinheit konnte jedoch die Aus-
führung der Gesten und sowie die Gestenerkennungsrate signifikant verbessert werden. 
Diese Verbesserungen waren dabei miteinander hoch assoziiert, was insgesamt auf eine 
verbesserte Mensch-Roboter-Interaktion in Folge des Nutzertrainings schließen lässt. Er-
freulicherweise profitierten insbesondere diejenigen Teilnehmer, welche anfänglich die 
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schlechteste Leistung bei der Ausführung der Gesten zeigten und die größte Angst vor 
Technologien hatten. Insgesamt unterstreichen die Ergebnisse, dass zukünftige Entwick-
lungen im Bereich der gestenbasierten Interaktion zwischen altersgerechten Assistenzro-
botern und potentiellen Nutzern nicht nur die Verbesserung der technischen Aspekte, son-
dern auch die Verbesserung der Qualität der Nutzereingabe (d.h. Ausführung der Gesten) 
durch angemessene Trainings- oder Schulungsmaßnahmen berücksichtigen sollten. 
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5 Einordnung der Studienergebnisse in den Forschungszusammenhang 
Die wesentlichen Ergebnisse dieser Dissertation sind, dass (1) ein Bedarf an methodisch 
hochwertigen Studien zur nutzerorientierten Evaluation von robotergestützten Rollatoren 
besteht (Manuskript I); (2) die Evidenz zur Effektivität und positiven Wahrnehmung von ro-
botergestützten Rollatoren aus der Nutzerperspektive noch unzureichend ist (Manuskript 
II); (3) das MOBOT-integrierte Navigationssystem die Navigationsleistung von potentiellen 
Nutzern (= ältere Personen mit Gangstörungen bzw. Rollator als Gehhilfe im Alltag) – ins-
besondere derjenigen mit zusätzlicher kognitiver Einschränkung – in einem realitätsnahen 
Anwendungsszenario verbessern kann (Manuskript III); (4) das MOBOT-integrierte Gang-
analysesystem eine hohe konkurrente Validität zur Erfassung von zeitlichen Gangparame-
tern bei älteren Personen aufweist (Manuskript IV); (5) die MOBOT-integrierte Assistenz-
funktion zur Hindernisvermeidung potentielle Nutzer effektiv unterstützen kann, Gefahren-
situationen mit Hindernissen in der Umgebung zu reduzieren (Manuskript V); (6) die Auf-
stehhilfe des MOBOT-Rollators den Sitzen-Stehen-Transfer von potentiellen Nutzern effek-
tiv und mit hoher Zufriedenheit unterstützen kann (Manuskript VI); (7) für eine effektive und 
höchst zufriedenstellende Interaktion zwischen dem I-SUPPORT-Duschroboter und seiner 
potentiellen Nutzer (= ältere Personen mit Problemen bei Baden/Duschen) Betriebsmodi 
mit einem hohen Maß an Autonomie des Duschroboters notwendig sind (Manuskript VII); 
(8) durch ein spezifisches Nutzertraining die gestenbasierte Interaktion zwischen dem I-
SUPPORT-Duschroboter und seiner potentiellen Nutzer effektiv verbessert werden kann 
(Manuskript VIII).  
Bislang zeigten Studien zur Evaluation von robotergestützten Rollatoren aus der Nutzer-
perspektive erhebliche methodische Mängel. Zumeist fehlte es ihnen an spezifischen Defi-
nitionen der Nutzer und die robotergestützten Rollatoren wurden in kleinen, unspezifisch 
beschriebenen Studienkollektiven mit oftmals unpassenden Teilnehmern; nicht geeigneten, 
standardisierten und validierten Assessmentmethoden sowie ohne inferentielle statistische 
Analysen evaluiert (Manuskript I). Es blieb dadurch bislang unklar, ob die fehlende Evidenz 
von robotergestützten Rollatoren auf deren mangelnde Eignung oder die methodischen De-
fizite früherer Evaluationsstudien zurückzuführen ist (Manuskript II). Ein besonderer 
Schwerpunkt in den vorliegenden Studien des MOBOT-Rollators (Manuskript III-VI) wurde 
daher auf deren Untersuchungsdesign und -methodik gelegt. Im Gegensatz zu früheren 
Evaluationsstudien wurde eine spezifische Definition der Nutzergruppe des MOBOT-Rolla-
tors basierend auf klinisch etablierten Kriterien für funktionelle Einschränkungen vorgenom-
men (Manuskript III) und alle nutzerorientierten Evaluationsstudien des MOBOT-Rollators 
mit Teilnehmern durchgeführt (Manuskript III-VI), die diesen Kriterien entsprachen. Zudem 
wurde im Vergleich zu den geringen Stichprobengrößen bisheriger Studien von durch-
schnittlich weniger als acht Teilnehmern eine deutlich höhere und angemessene Anzahl an 
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Teilnehmern in die jeweiligen Evaluationsstudien des MOBOT-Rollators eingeschlossen 
(Spannweite = 25-42 Teilnehmer). Es wurde ein komparatives Untersuchungsdesign (Ma-
nuskript III: aktiviertes vs. deaktiviertes MOBOT-Navigationssystem; Manuskript IV: 
MOBOT-Ganganalysesystem vs. GAITRite®; Manuskript V: MOBOT-Hindernisvermeidung 
vs. früherer Ansatz für die Hindernisvermeidung vs. deaktivierte Hindernisvermeidung; Ma-
nuskript VI: MOBOT-Aufstehhilfe vs. ohne Unterstützung) mit einer jeweils auf die zu eva-
luierende Teilfunktion des MOBOT-Rollators spezifisch ausgerichteten Assessmentstrate-
gie verwendet. Darüber hinaus wurden die erhobenen Daten mit geeigneten statistischen 
Methoden analysiert. Durch dieses untersuchungsmethodische Vorgehen ist es in den Teil-
studien des MOBOT-Rollators erstmals gelungen, die statistische Evidenz für die Effektivi-
tät bzw. Gültigkeit innovativer Teilfunktionen eines robotergestützten Rollators bei potenti-
ellen Nutzern zu belegen. 
Die Verwendung des MOBOT-integrierten Navigationssystems verbesserte signifikant 
die Navigationsleitung von potentiellen Nutzern des MOBOT-Rollators – insbesondere von 
denjenigen mit kognitiver Einschränkung – innerhalb einer für sie unbekannten Umgebung. 
Einen ähnlich positiven Effekt eines in einen robotergestützten Rollator integrierten Naviga-
tionssystems wurde in einer früheren Studie berichtet (Graf, 2009). Sie stellte fest, dass 
potentielle Nutzer mit Hilfe des Navigationssystems eines robotergestützten Rollators eine 
kürzere Gehstrecke für die Bewältigung eines Navigationskurses benötigen als mit einem 
konventionellen Rollator. Allerdings basierte diese Feststellung ausschließlich auf der Be-
schreibung einzelner Anwendungsfälle und keiner statistischen Analyse (Graf, 2009).  
Das MOBOT-integrierte Ganganalysesystem erwies sich verglichen dem GAITRite®-
System für die Erfassung zeitlicher Gangparameter seiner potentiellen Nutzer als valide. 
Für die Erfassung raumbezogener Gangparameter zeigte sich zwar lediglich eine begrenzte 
absolute Genauigkeit, jedoch konnten sie mit einer hohen Konsistenz (= relative Genauig-
keit) gegenüber dem Referenzstandard erfasst werden. Entgegen früherer Validierungsstu-
dien von Ganganalysesystemen eines robotergestützten Rollators, die mit kleinen Stichpro-
ben, mit nicht repräsentativen Rollator-Nutzern, ohne Referenzstandard und/oder ohne sta-
tistische Datenanalyse durchgeführt wurden (Ballesteros et al., 2017; Paulo et al., 2017; 
Wang et al., 2016), ist es erstmals gelungen, die konkurrente Validität eines solchen Gan-
ganalysesystems mit einer angemessenen Anzahl potentieller Nutzer eines robotergestütz-
ten Rollators, anhand eines Vergleichs mit einem etablierten Referenzstandard und durch 
geeignete statistische Methoden zu dokumentieren. 
Der positive Effekt der Assistenzfunktion zur Hindernisvermeidung des MOBOT-Rolla-
tors auf die Leistung potentieller Nutzer in einem Hindernisparcours (weniger Kollisionen, 
geringere Annäherungsgeschwindigkeit an die Hindernisse) bestätigt Beobachtungen 
früherer Evaluationsstudien (Graf, 2009; Rentschler, Simpson, Cooper & Boninger, 2008; 
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Yu et al., 2003). Diese berichten für die Bewältigung eines Hindernisparcours oder Naviga-
tionskurses tendenziell ebenfalls von einer geringeren Anzahl von Kollisionen und/oder grö-
ßeren Abständen zu den Hindernissen mit aktivierter Hindernisvermeidung anderer robo-
tergestützten Rollatoren im Vergleich zu Bedingungen mit deaktivierter Hindernisvermei-
dung bzw. zu herkömmlichen Mobilitätshilfen. Allerdings zeigten diese Studien deutlich klei-
nere Stichproben (Spannweite = 6-17 Teilnehmer) und es wurden keine inferentielle statis-
tischen Analysen durchgeführt (Graf, 2009; Yu et al., 2003) oder die Teststärke war zu 
gering, um einen statistisch signifikanten Effekt der Hindernisvermeidung zu erzielen 
(Rentschler et al., 2008). 
Frühere Studien zur Evaluation von Aufstehhilfen robotergestützter Rollatoren wurden 
mit kleinen Stichproben, nicht spezifisch auf die Aufstehhilfe zugeschnittenen Assessment-
strategien, ohne Erfassung der Nutzerzufriedenheit und/oder ohne inferentielle statistische 
Analysen durchgeführt (Chugo, Asawa, Kitamura, Songmin & Takase, 2009; Geravand, 
Korondi, Werner, Hauer & Peer, 2017; Rumeau, Pasqui & Vigourou, 2012). Analysen zu 
potentiellen Faktoren, welche mit der Effektivität und Nutzerzufriedenheit solcher Aufsteh-
hilfen assoziiert sein könnten, fehlten in vorangegangen Studien gänzlich. Im Gegensatz 
hierzu basieren die vorliegenden Studienergebnisse zur Aufstehhilfe des MOBOT-Rollators 
auf einer angemessenen Anzahl von repräsentativen Rollator-Nutzern, einem vergleichen-
den Studiendesign (Sitzen-Stehen-Transfer ohne vs. mit Aufstehhilfe) mit einer speziell auf 
die Aufstehhilfe ausgerichtete Assessmentstrategie zur Überprüfung ihres spezifischen Ef-
fekts auf den Sitzen-Stehen-Transfer, einem multidimensionalen Fragebogen zur Erfas-
sung der Nutzerzufriedenheit sowie geeigneten statistischen Analysen. Zudem wurden po-
tentielle Zusammenhänge zwischen den Eigenschaften der Teilnehmer und der Effektivität 
sowie Nutzerzufriedenheit analysiert. Auf Grundlage dieses methodischen Vorgehens 
konnte somit erstmals belegt werden, dass durch die Aufstehhilfe eines robotergestützten 
Rollators die Erfolgsrate für den Sitzen-Stehen-Transfer bei einem breiten Spektrum von 
potentiellen Nutzern signifikant gesteigert werden kann. Die vorliegenden Studienergeb-
nisse zeigen zudem erstmals anhand eines umfassenden Fragebogens eine hohe Zufrie-
denheit der Nutzer – insbesondere derjenigen mit höherem Body-Mass-Index – mit der Auf-
stehhilfe für mehrere Dimensionen. 
Frühere Studien zur Mensch-Roboter-Interaktion zwischen Telemedizin-Robotern bzw. 
robotergestützten Mobilitätshilfen und älteren Personen berichten von einer zunehmenden 
Effektivität mit zunehmender Autonomie solcher Assistenzroboter (Erdogan & Argall, 2017; 
Kim et al., 2012; Koceska et al., 2019; Yu et al., 2003). Demgegenüber zeigten die auto-
nomsten Betriebsmodi dabei nicht die höchste Nutzerzufriedenheit. Bisherige Ergebnisse 
deuteten vielmehr darauf hin, dass ältere Nutzer es eher bevorzugen, möglichst viel Kon-
trolle über Assistenzroboter während der Interaktion mit ihnen zu haben (Cooper et al., 
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2010; Kim et al., 2012; Yu et al., 2003). Die vorliegenden Studienergebnisse zum I-SUP-
PORT-Duschroboter bestätigen zunächst die Ergebnisse früherer Studien (Erdogan & 
Argall, 2017; Kim et al., 2012; Koceska et al., 2019; Yu et al., 2003) und belegen, dass mit 
zunehmender Autonomie des Duschroboters auch die Effektivität der Interaktion für den 
Duschprozess signifikant zunimmt. Im Gegensatz zu früheren Beobachtungen verbesserte 
sich jedoch mit zunehmender Autonomie des Duschroboters nicht nur die Effektivität, son-
dern überraschenderweise auch die Nutzerzufriedenheit für die Mensch-Roboter-Interak-
tion. Diese Ergebnisse zeigen, dass ältere Menschen für die Interaktion mit einem I-SUP-
PORT-Duschroboter, trotz ihrer sehr eingeschränkten Kontrolle, eher autonome Betriebs-
modi bevorzugen, die ein Minimum an Nutzereingaben erfordern. 
Die Studienergebnisse zur gestenbasierten Interaktion mit dem I-SUPPORT-Duschro-
boter bestätigen zunächst Beobachtungen früherer Studien, die von einer geringen Bewe-
gungsqualität der Gesten sowie niedrigen Gestenerkennungsraten für die gestenbasierten 
Mensch-Roboter-Interaktion zwischen funktionell eingeschränkten älteren Menschen und 
einem robotergestützten Rollator berichten (Efthimiou et al., 2016; Hauer, 2018). Sie bele-
gen jedoch die Effektivität der spezifisch an die Bedürfnisse der Studienteilnehmer ange-
passten Trainingseinheit zur Verbesserung der Nutzergesten sowie der Gestenerken-
nungsrate des I-SUPPORT-Duschroboters und somit der gestenbasierten Mensch-Robo-
ter-Interaktion insgesamt. Kognitive Einschränkungen wurden in vorangegangenen Studien 
negativ mit trainingsinduzierten motorischen Leistungs-/Lernzugewinnen assoziiert (Ghisla 
et al., 2007; Ren, Wu, Chan & Yan, 2013; Wu, Chan & Yan, 2016). Durch die Verwendung 
von Lehrmethoden und Schaffung von Übungsbedingungen, welche sich bereits als effektiv 
für das motorische Lernen älteren Menschen mit kognitiven Einschränkungen erwiesen ha-
ben (van Halteren-van Tilborg et al., 2007; Werner et al., 2017), scheint es in der vorliegen-
den Studie jedoch gelungen zu sein, dass Studienteilnehmer unabhängig von ihren kogni-
tiven Einschränkungen vom Nutzertraining profitieren. Entsprechend etablierter Trainings-
prinzipien und des Phänomens der Ratenabhängigkeit (Dews, 1977; Haskell, 1994; Snider, 
Quisenberry & Bickel, 2016) zeigten sich stattdessen signifikante Zusammenhänge zwi-
schen den Trainingszugewinnen und der Bewegungsausführung der Gesten vor der Trai-
ningseinheit, wobei diejenigen Teilnehmer mit der initial schlechtesten Ausführung die größ-
ten Verbesserungen aufwiesen. Zusätzlich war eine größere Angst vor Technologien mit 
höheren Trainingszugewinnen assoziiert. Insgesamt unterstreichen die vorliegenden Er-
gebnisse die bereits in früheren Studien diskutierte Wichtigkeit von Nutzertrainings für eine 
erfolgreiche Mensch-Roboter-Interaktion im höheren Alter (Efthimiou et al., 2016; Louie et 
al., 2014; Tacken et al., 2005). 
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6 Fazit und Ausblick  
Die vorliegende Arbeit kommt der Forderung nach, die Nutzerperspektive innerhalb des 
gesamten Entwicklungsprozesses von altersgerechten Assistenzsystemen stärker zu be-
rücksichtigen. Die gewonnenen Erkenntnisse leisten hierbei einen wichtigen Beitrag für die 
nutzerorientierte Bewertung der Mensch-Roboter-Interaktion zwischen älteren Menschen 
mit funktionellen Einschränkungen und einem robotergestützten Rollator bzw. einem 
Duschroboter.  
Die Entwicklung von Handlungsempfehlungen für die Evaluation von robotergestützten 
Rollatoren innerhalb dieser Arbeit stellt eine wichtige Grundlage hierfür dar. Diese liefern 
den methodischen Rahmen für die Konzeption von qualitativ hochwertigen Studien zur nut-
zerorientierten Evaluation von nicht nur robotergestützten Rollatoren, sondern auch von 
anderen altersgerechten Assistenzsystemen. Da auf nationaler wie internationaler Ebene 
bislang keine solchen Handlungsempfehlungen existieren, legt die vorliegende Arbeit einen 
wichtigen Grundstein für die Konzeption, Durchführung und Auswertung zukünftiger nutzer-
orientierter Evaluationsstudien von altersgerechten Assistenzrobotern.  
Die positiven Studienergebnisse zur Effektivität der innovativen Assistenzfunktionen des 
MOBOT-Rollators (Navigationssystem, Hindernisvermeidung, Aufstehhilfe) weisen – im 
Gegensatz zur bislang wenig nutzerorientierten und evidenzbasierten Diskussion – auf das 
hohe Potential solcher Funktionen für die Verbesserung der Mobilität von motorischen ein-
geschränkten älteren Menschen hin. Da die Mobilität einer Person fundamental für deren 
Selbstständigkeit, sozialen Teilhabe, körperliche Aktivität und Lebensqualität ist, könnten 
robotergestützte Rollatoren mit solchen Assistenzfunktionen hierauf ebenfalls einen positi-
ven Effekt haben und indirekt auch den Hilfebedarf von Angehörigen oder Pflegenden ver-
ringern. Da solche Effekte u.a. aufgrund des Prototypen-Status des MOBOT-Rollators in-
nerhalb dieser Arbeit nicht untersucht werden konnten, erscheint deren Evaluation im Rah-
men zukünftiger Studien mit weiter fortgeschrittenen Entwicklungsstufen des roboterge-
stützten Rollators nach einer längeren Gebrauchsdauer in natürlichen Umgebungen nahe-
liegend und sinnvoll.  
Die Validierungsstudie des MOBOT-integrierten Ganganalysesystems stellt einen ersten 
wichtigen Schritt in Richtung der unaufdringlichen und kontinuierlichen Erfassung der habi-
tuellen Gangleistung von Rollator-Nutzern im Alltag dar. Bislang existieren hierfür noch 
keine validen Messinstrumente. Ferner bildet sie die Grundlage für die zukünftige Weiter-
entwicklung hin zu einem kontextbewussten, adaptiven robotergestützten Rollator, der in 
Echtzeit unterstützende Aktionen (z. B. Distanz-/Geschwindigkeitsanpassungen) entspre-
chend der aktuell erfassten Gangleistung der Nutzer generiert und dadurch kritische Situa-
tionen (z. B. Stürze) vermeiden soll. Die Ergebnisse belegen, dass durch das Ganganaly-
sesystem des MOBOT-Rollators die Gangparameter seiner Nutzer unauffällig und ohne am 
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Körper fixierte Sensoren valide (zeitliche Parameter) bzw. konsistent (raumbezogene Pa-
rameter) erfasst werden können. Vor dem Hintergrund, dass in der vorliegenden Studie die 
Validität des Ganganalysesystems lediglich anhand einer kurzen sowie geraden Gehstre-
cke und unter kontrollierten Laborbedingungen bewertet wurde, bedarf es zukünftig an Stu-
dien, welche die Validität des Systems für ein Langzeit-Monitoring der habituellen Gangleis-
tung in natürlichen Umgebungen überprüfen. Zukünftige Entwicklungsschritte sollten zu-
dem die absolute Messgenauigkeit für die raumbezogenen Gangparameter verbessern.  
Die Erkenntnisse aus den Studien des I-SUPPORT-Duschroboters leisten einen wichti-
gen Beitrag für die zukünftige Entwicklung und Implementierung von geeigneten Betriebs-
modi für solche Assistenzroboter bei älteren Menschen mit funktionellen Einschränkungen. 
Die Studienergebnisse verdeutlichen, dass Betriebsmodi, welche überwiegend auf Nutzer-
eingaben beruhen, für diese Zielgruppe ungeeignet sind, um eine hohe Effektivität der 
Mensch-Roboter-Interaktion zu gewährleisten. Die Studienergebnisse sprechen dafür, dass 
für eine effektive Interaktion vielmehr ein Betriebsmodus mit einem sehr hohen Maß an 
Autonomie auf Seiten des Roboters notwendig ist. Zudem zeigen die Ergebnisse, dass 
durch einen solchen Betriebsmodus trotz der sehr eingeschränkten Nutzerkontrolle die 
höchste Zufriedenheit erreicht wird, was zusätzlich für eine zukünftige Implementierung 
möglichst autonomer Betriebsmodi für solche Assistenzroboter bei älteren Menschen mit 
funktionellen Einschränkungen spricht. 
Die vorliegenden Ergebnisse zum Nutzertraining mit dem I-SUPPORT-Duschroboter 
sind für eine erfolgreiche gestenbasierte Mensch-Roboter-Interaktion mit altersgerechten 
Assistenzrobotern hochrelevant. Sie untermauern die Notwendigkeit und den Nutzen ge-
eigneter Training- oder Schulungsmaßnahmen für die gestenbasierte Mensch-Roboter-In-
teraktion bei älteren Menschen mit funktionellen Einschränkungen. Die Wichtigkeit solcher 
Maßnahmen für die Mensch-Roboter-Interaktion im höheren Alter wurde zwar bereits in 
früheren Studien diskutiert; es existieren allerdings bislang keine Empfehlungen für deren 
Durchführung. Das vorgestellte Nutzertraining könnte ein mögliches Modell für die Sicher-
stellung der notwendigen Bewegungsqualität der Nutzergesten für eine erfolgreiche ges-
tenbasierte Mensch-Roboter-Interaktion zwischen funktionell eingeschränkten älteren Men-
schen und der für sie entwickelten Assistenzroboter darstellen. Zukünftig gilt es zu klären, 
ob eine solche Nutzergruppe in der Lage ist, die gelernten Gesten auch noch nach einem 
längeren Zeitraum abzurufen und korrekt auszuführen; oder ob wiederholte Trainingsmaß-
nahmen notwendig sind, um eine ausreichende Bewegungsqualität für eine langfristig er-
folgreiche gestenbasierte Mensch-Roboter-Interaktion zu gewährleisten.
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studies were identified that met the predefined inclusion cri-
teria. Large heterogeneity in the definitions of the target user 
group, study populations, study designs and assessment 
methods was found across the included studies. No generic 
methodology to evaluate robotic rollators could be identi-
fied. We found major methodological shortcomings related 
to insufficient sample descriptions and sample sizes, and lack 
of appropriate, standardized and validated assessment 
methods. Long-term use in habitual environment was also 
not evaluated.  Conclusions: Apart from the heterogeneity, 
methodological deficits in most of the identified studies be-
came apparent. Recommendations for future evaluation 
studies include: clear definition of target user group, ade-
quate selection of subjects, inclusion of other assistive mobil-
ity devices for comparison, evaluation of the habitual use of 
advanced prototypes, adequate assessment strategy with es-
tablished, standardized and validated methods, and statis-
tical analysis of study results. Assessment strategies may 
 additionally focus on specific functionalities of the robotic 
rollators allowing an individually tailored assessment of 
 innovative features to document their added value. 
 © 2016 S. Karger AG, Basel 
 Key Words 
 Systematic review · Evaluation studies · Ambient assisted 
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 Abstract 
 Background: Robotic rollators enhance the basic functions 
of established devices by technically advanced physical, cog-
nitive, or sensory support to increase autonomy in persons 
with severe impairment. In the evaluation of such ambient 
assisted living solutions, both the technical and user perspec-
tives are important to prove usability, effectiveness and safe-
ty, and to ensure adequate device application.  Objective: The 
aim of this systematic review is to summarize the methodol-
ogy of studies evaluating robotic rollators with focus on the 
user perspective and to give recommendations for future 
evaluation studies.  Methods: A systematic literature search 
up to December 31, 2014, was conducted based on the Co-
chrane Review methodology using the electronic databases 
PubMed and IEEE Xplore. Articles were selected according to 
the following inclusion criteria: evaluation studies of robotic 
rollators documenting human-robot interaction, no case re-
ports, published in English language.  Results: Twenty-eight 
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 Introduction 
 In older persons, the ability to move independently 
represents a hallmark of autonomous living  [1] and qual-
ity of life  [2] , while being physically active is associated 
with numerous positive health outcomes  [3, 4] . However, 
sensory, motor or cognitive impairments restrict mobil-
ity in frail, older persons  [5] . Motor key functions such as 
standing, walking, or transfers are substantial challenges 
for their daily activities leading to high risk exposure of 
falls as documented in residents of senior homes  [6] . Ef-
fects of motor impairment are augmented by sensory def-
icits such as visual impairment, leading to restricted func-
tional independence  [7] , or by cognitive impairment, 
leading to spatiotemporal disorientation or executive 
dysfunction  [8] . To overcome or compensate for such im-
pairments and to improve the quality of life of affected 
persons, assistive devices as in walking aids (e.g. canes, 
walkers, rollators) have been developed with an early fo-
cus on mobility support. They provide support of pos-
tural stability and mobility  [9] , reduce risk of falling  [10] 
and improve activity and participation  [11] . However, 
such conventional mobility devices may not cover the 
needs of persons suffering from major functional or cog-
nitive impairments. 
 In the context of ambient assisted living (AAL), ro-
botically augmented rollators with various high-tech 
functionalities have been developed to provide physical, 
sensory and cognitive assistance, and/or health monitor-
ing for further support  [12] . The development and evalu-
ation of such a robotic rollator (RR) is still a new, emerg-
ing research field mainly driven by technical engineering 
goals. However, as technical functionalities translate into 
assistive devices for the target population, the human-ro-
bot interaction and user perspective shift in the develop-
ment focus. Apart from the sheer technical evaluation of 
concepts and functionalities, needs, requirements and 
preferences of potential users will have to guide the devel-
opment and evaluation of assistive technology devices 
 [13, 14] . In addition to technical testing, which verifies 
the functional capability of devices, an evaluation with 
focus on user performance, physical demands and subjec-
tive experiences of the RR is essential to prove the usabil-
ity, ensure safety and demonstrate the added value for the 
intended user group. The change from technical to user 
perspective may, however, lead to specific methodologi-
cal challenges including the study design and assessment 
strategy. To our knowledge, no systematic review on the 
evaluation of RRs with focus on the user perspective has 
been published. Therefore, the aim of this systematic re-
view was to summarize the methodology of studies evalu-
ating the human-robot interaction from a user perspec-
tive and to give recommendations for future evaluation 
studies.
 Methods 
 Initial search terms were compiled and iteratively refined by 
team members with expertise in the clinical and in the technical 
research field. The literature search was conducted using the elec-
tronic databases PubMed and IEEE Xplore. Search terms included 
both controlled vocabulary (i.e. MeSH Terms, IEEE Terms) and 
keywords of relevance identified during searches. The detailed 
search strategy used in PubMed, which was modified for IEEE 
Xplore, is presented in the online supplementary table 1 (see www.
karger.com/doi/10.1159/000444878 for all online suppl. material). 
 Manual searches were performed to identify additional studies 
by scanning reference lists of relevant articles and by reviewing key 
authors’ own databases. Studies were searched with focus on the 
evaluation of an RR (or robotic wheeled walker) by experiments, 
trials, or interventions in human beings independent of the type of 
outcome measurement. No restrictions regarding age or health 
status of the subjects were made. Single case reports were excluded. 
For the purpose of this review, the term ‘robotic’ includes the nor-
mal function of a rollator enhanced by additional physical, sen-
sory, or cognitive robotic support while walking, also including 
sit-to-stand transfers. Studies evaluating solely monitoring func-
tionalities without taking into account any user supporting func-
tionalities or the subjective user experience were excluded. The 
search was limited to articles in the English language published up 
to December 31, 2014. 
 The selection process was conducted following the methodol-
ogy as described in the method guidelines of the Cochrane Col-
laboration  [15] . Titles and abstracts were identified by the stan-
dardized search strategy. For abstracts which met the inclusion 
criteria or for those with unclear status, full-text articles were ana-
lyzed for inclusion. Each step of study selection, based on pre-
defined eligibility criteria, was performed independently by 2 re-
viewers (P.U. and C.W.). Any disagreements were resolved by con-
sensus or third-party adjudication (K.H.). After inclusion, data on 
the user group, sample characteristics and the methodological ap-
proach were extracted by 1 researcher (C.W.) and confirmed by 2 
other researchers (P.U. and D.S.). If an article described more than 
one study, the results for each study were extracted separately. 
 Results 
 A total of 8,989 articles were identified through data-
base searching, and another 79 were added through man-
ual searches. After removing duplicates, the initial search 
resulted in 8,876 articles. Of these, 235 were found to be 
related to the search topic based on title and abstract. Af-
ter reviewing full texts, 148 articles were excluded as they 
did not meet the predefined inclusion criteria ( fig. 1 ). An-
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other 63 were discarded, as these articles described either 
identical experiments with the same RR, or various stages 
of development of a certain RR. In both cases, the article 
providing the most comprehensive information with fo-
cus on the user perspective was included. If different ar-
ticles contained similar information, the one with the 
most recent development stage was included. Twenty-
four articles published between 2001 and 2015 were iden-
tified for inclusion in the review. As 2 articles reported on 
2  [16, 17] and 1 article on 3 independent studies  [18] , the 
final data extraction was based on 28 studies 1 . The de-
tailed review results extracted for each study are present-
ed in the online supplementary table 2 , containing infor-
mation on the names of devices, the definition of user 
groups, study sample, study object, study design and se-
lected assessment methods.
 User Group Definitions 
 Apart from 2 articles  [19, 20] , all mentioned a target 
user group for the RR; however, their definition differed 
substantially in accuracy and explicitness. Five articles 
provided a generic description in broad terms such as ‘el-
derly (disabled) people’  [21–25] , 2 defined users by set-
ting-specific characteristics such as ‘persons in nursing 
and assisted living homes’, partly amended by disease-
related criteria (e.g. Alzheimer’s disease, stroke)  [26, 27] , 
and 10 provided brief information on users’ motor-func-
tional (e.g. ‘with mobility problems’), cognitive (e.g. ‘with 
cognitive impairment’) and/or visual status (e.g. ‘visually 
impaired’)  [17, 18, 28–35] , but without staging impair-
ment levels based on any screening or assessment instru-
ment. Three articles described users by disease categories 
(e.g. Parkinson’s disease, hemiplegia)  [16, 36, 37] without 
detailed information on the patients’ functional impair-
ment level. Specific impairment-related definitions based 
on established, validated assessment methods (i.e. Walk-
ing Index for Spinal Cord Injury [WISCI II], Functional 
Ambulation Classification) were documented in only 2 
articles  [12, 38] .
 Study Samples 
 The mean sample size of the studies was 7.2 [standard 
deviation (SD) ± 4.3]. The exact number of subjects was 
not reported in 5 studies [ 18 1–3 ,  35 ,  37 ]. No study pre-
sented a sample size calculation. 
 Samples differed considerably regarding age, impair-
ments, or diseases. The age of subjects ranged from 14 
 [22] to 97 years  [31] with age information lacking in half 
of the studies (14 of 28) [ 16 1 ,  17 1 ,  18 1–3 ,  20 ,  23 ,  25 ,  27–29 , 
 35 ,  37 ].
235 full-text articles
assessed for eligibility
24 articles which described
28 studies that were
included in qualitative synthesis 
8,876 articles screened after
removal of duplicates
8,641 articles excluded based
on title and abstract
79 additional articles identified
through manual searching
8,989 articles identified through
         database searching
        IEEE Xplore (7,983)
        PubMed (1,006)
    211 full-text articles excluded
  based on inclusion criteria (148)
   Single case report (65)
   No ‘robotic’ rollator (45)
   No interaction with human
    beings (20)
   No experiments (17)
   No English language (1)
  Other reasons (n = 63)
   Same device/experiment
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 Fig. 1. Flowchart of the study selection pro-
cess and extraction methodology. 
 1   When necessary, the individual studies of these articles are distinguished 
with numeric coding (i.e. [ 16 1, 2 ,  17 1, 2 ,  18 1–3 ]). 
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 Thirteen studies included subjects with motor, func-
tional, cognitive, visual and/or neurological impairments 
[ 12 ,  16 1, 2 ,  17 1, 2 ,  26 ,  27 ,  30–32 ,  34 ,  36 ,  38 ], whereas a con-
venient (e.g. ‘ordinary adult males’)  [19, 20, 23, 24, 33] , 
mixed (e.g. ‘healthy subjects and subjects with motor and 
cognitive impairment’) [ 18 1–3 ,  21 ,  22 ,  29 ,  35 ,  37 ] or set-
ting-specific sample (e.g. ‘residents of retirement facility’) 
 [28] was used in 14 studies. In studies including impaired 
subjects, definitions and staging of the severity level of 
impairment were mostly absent (15 of 20) [ 17 1, 2 ,  18 2, 3 , 
 22 ,  26 ,  29–32 ,  34 ,  35 ,  37 ,  38 ]. In only 6 studies were mo-
tor-functional or cognitive impairment levels defined by 
established and validated screening or assessment instru-
ments [e.g. Timed Up and Go (TUG), Mini-Mental State 
Examination] [ 12 ,  16 1, 2 ,  21 ,  27 ,  36 ]. 
 In 10 studies, subjects did not match with the pre-
defined user group [ 18 1–3 ,  22–24 ,  27 ,  28 ,  33 ,  37 ]. How-
ever, due to the unspecific and wide-ranging user group 
definitions given in a number of articles, most studies (15 
of 28) were carried out with subjects who were covered by 
these broad definitions [ 12 ,  16 1, 2 ,  17 1, 2 ,  21 ,  26 ,  29–32 , 
34–36, 38]. In three studies, a user group definition and/
or a description of the study sample was completely miss-
ing  [19, 20, 25] .
 Design of Studies 
 Depending on study objectives, three different types of 
studies were performed: (1) observational; (2) compara-
tive, or (3) interventional.
 Observational Studies 
 Fourteen articles reported on observational studies 
 [12, 18, 20, 22, 24, 29, 35, 37] or single observational ex-
periments as part of their studies  [16, 17, 23, 26, 28, 33] , 
focusing predominantly on the verification of technical 
capability and/or the subjective user evaluation of the 
RRs. User performance was used as the study object in 
only one of these studies  [26] . In observational studies/
experiments, outcomes were only descriptively present-
ed, without providing any reference values.
 Comparative Studies 
 Fourteen articles included comparative studies  [19, 21, 
25, 27, 28, 30–32, 34, 38] or single comparative experi-
ments in addition to observations  [16, 17, 26, 33] . Com-
parisons were further distinguished into four categories: 
(1) ‘inter-device comparisons’ in which RRs and conven-
tional devices (e.g. cane, folding/wheeled walker) or fully 
unassisted walking/sit-to-stand transfers were compared 
 [19, 21, 26, 27, 30, 32, 34, 38] ; (2) ‘intra-device compari-
sons’ in which different assistance levels (e.g. activated vs. 
nonactivated obstacle avoidance), interface designs, or 
development stages of the same RR were compared [ 17 2 , 
 19 ,  25–28 ,  30 ,  31 ,  33 ,  34 ]; (3) comparisons in a pre/post-
test study design with focus on the user experience  [34] 
or the technical functionality  [23] , assessed before and 
after/over a series of trials, and (4) comparisons between 
outcomes of a newly developed robotic monitoring func-
tionality and those of an external criterion measure as a 
reference measurement [ 16 2 ].
 Interventional Studies 
 Two articles described studies that used an interven-
tional approach, providing training opportunities with 
the RR  [16, 36] . In one study, the subjects’ gait perfor-
mance with the robotic gait assistance system was as-
sessed on 6 consecutive days [ 16 1 ]. However, subjects 
seemed to use the RR only during test procedures and not 
in their daily routine. Although the ultimate research hy-
pothesis for this ‘interventional’ approach was lacking, we 
assumed that the repeated use represented a type of train-
ing intervention in order for the subjects to get used to 
using the RR. In the other study, a 4-week randomized 
controlled trial was conducted to evaluate the effects of 
ambulation training with an RR compared to a tradition-
al rehabilitation therapy method using parallel bars  [36] . 
In this study, assessment methods were used to evaluate 
the subjects’ motor-functional performance after the ro-
bot-assisted training intervention.
 Statistical Analysis 
 An inferential statistical analysis of outcomes was in-
cluded in only 3 studies  [19, 34, 36] . In 25 studies, out-
comes were presented using solely descriptive or qualita-
tive data (e.g. frequencies, means, SDs and user com-
ments) [ 12 ,  16 1, 2 ,  17 1, 2 ,  18 1–3 ,  20–33 ,  35 ,  37 ,  38 ].
 Assessment Methods 
 Assessment measures used in identified studies can be 
classified into five categories: (1) established clinical per-
formance-based measures assessing subjects’ functional 
ability to perform a requested task by simple quantitative 
time-, range-, or rating-based outcomes (e.g. gait speed, 
walking distance, rating score) or by more detailed, qual-
itative outcomes captured by external technical measures 
(e.g. step time, double support time); (2) tailored assess-
ment methods in terms of self-designed performance-
based measures specifically tailored to specific function-
alities of the RR (e.g. guidance system, obstacle avoid-
ance). In addition to simple quantifiable time- or 
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count-based outcomes (e.g. walking time, number of col-
lisions), these assessment methods predominantly used 
more technique-based and qualitative outcomes (e.g. 
path deviation, distance to obstacle); (3) assessment 
methods used to evaluate the subject’s physical and phys-
iological demands during the use of the RR; (4) subjective 
evaluation measures to assess a user’s experience with the 
RR, and (5) technical evaluation measures to assess the 
technical capability of the RR.
 As technical evaluation measures used in 9 studies [ 12 , 
 16 2 ,  18 1, 2 ,  20 ,  22–24 ,  33 ] exclusively focused on the tech-
nical verification of the RR with limited relevance for the 
user perspective, we do not further address and discuss 
these measures in this review. 
 Clinical Performance-Based Measures  
 Established clinical performance-based measures were 
used in 3 studies  [21, 32, 36] . In one of these, the subjects’ 
gait and functional performance with the RR were as-
sessed by the 4-meter walk test (4MWT), a modified ver-
sion of the TUG, and spatiotemporal gait parameters (i.e. 
step time, double support time) captured by video camera 
during both tests  [21] . Other studies documented the 
subjects’ motor performance by the 6-min walk test 
(6MWT), 10-meter walk test (10MWT) and Performance 
Oriented Mobility Assessment (POMA)  [36] , or only by 
the 10MWT  [32] . The most frequently used outcomes 
were gait speed  [21, 32, 36] , completion time  [21] , or 
walking distance and rating scores for functional perfor-
mance (POMA)  [36] .
 In one study, an established screening test for assessing 
the functional ability of subjects to perform activities of 
daily living (ADL) was used (Barthel ADL Index)  [36] .
 Tailored Assessment Measures 
 In 10 studies, assessment strategies included self-de-
signed performance-based measures specifically tailored 
to specific robotic functionalities [ 16 1, 2 ,  17 2 ,  19 ,  25–28 , 
 31 ,  34 ]. Obstacle avoidance and guidance systems were 
evaluated while subjects completed walking paths  [25, 28] 
or obstacle courses [ 17 2 ,  31 ,  34 ], navigation and localiza-
tion systems while performing navigational tasks  [26, 27] , 
and gait assistance systems by analyzing the subject’s gait 
during robot-assisted walking [ 16 1, 2 ,  19 ]. Simple quanti-
fiable outcomes of these tests included number of colli-
sions  [26, 31, 34] , reorientations  [34] , navigational mis-
takes  [27] or abnormal gait patterns [ 16 1, 2 ], walking time 
 [34] , or achievement of task  [26] . More specifically tai-
lored, technique-based outcomes, as used in 8 studies, 
comprised of deviations from an optimal path [ 17 2 ,  25 , 
 28 ,  31 ], distance to obstacles  [17, 26] , maximum speed 
and walking distance  [26] , mean and SD of robot’s veloc-
ity  [19] and gait variability (i.e. SD of gait speed/step 
length) [ 16 1, 2 ]. To obtain such technically advanced out-
comes, 5 studies used the data flow created by the techni-
cal systems installed on the RR, including laser rangefind-
ers (LRF) [ 16 1, 2 ,  28 ], a video camera and sonar sensors 
[ 17 2 ], or a web camera  [31] . In the other 3 studies, infor-
mation on the technical measure to capture these out-
comes was nonexistent  [19, 25, 26] . Out of the studies that 
determined outcomes with the robot-integrated technical 
systems, only one seemed to process raw data (LRF data) 
into outcome variables (i.e. path deviation) by using an 
already established method for robust position estima-
tion of mobile robots in indoor environments (‘Monte 
Carlo localization’)  [28] . In the other 4 studies, it re-
mained unclear whether raw data were analyzed by self-
designed or potentially established methods [ 16 1, 2 ,  17 2 , 
 31 ]. 
 In 2 inter-device comparative studies, a bicycle speed-
ometer attached to the conventional device  [16] or an 
LRF placed in the test environment  [26] was used to as-
sess technically advanced outcomes such as walking dis-
tance or gait variability also when not using the RR. 
However, a reference, or any information on the psycho-
metric quality of these methods, was missing in both 
studies. 
 In 4 studies including tailored assessment measures, 
test procedures appear to be nonstandardized [ 16 2 ,  26 , 
 34 ] or have been insufficiently described  [28] . 
 Evaluation of Physical and Physiological Demands 
 Four studies assessed subjects’ physical and physiolog-
ical demands with motorized RRs during time-based 
 performance-based measures (i.e. navigational trail, 
10MWT)  [26, 32] or during walking with standardized 
gait speed  [19, 33] . In 2 studies, the exertion of force ap-
plied to steer the RR was measured using the force/torque 
sensors integrated on the robot’s handles  [19, 26] . One 
also reported on forces required to operate a convention-
al walker, but did not mention the method to capture 
these forces  [26] . The other study additionally evaluated 
the oxygen consumption (VO 2 ) and metabolic cost of 
transport (metabolic cost per unit of mass and distance 
travelled) during robot-assisted gait using open-circuit 
respirometry  [19] . In the remaining 2 studies, the muscle 
activity in the lower extremities was recorded by electro-
myography (EMG)  [32, 33] , and one also measured torso 
kinematics by a tri-axial accelerometer attached to the 
subject’s back  [32] . 
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 Subjective Evaluation Measures  
 Nineteen studies included measures to evaluate the 
subjects’ experience with the RR [ 12 ,  16 1 ,  17 1, 2 ,  18 1, 3 ,  19 , 
 22–24 ,  26–30 ,  34 ,  35 ,  37 ,  38 ]. However, assessment in-
struments to perform such subjective evaluations varied 
widely in methodological quality. Nine studies docu-
mented solely nonspecific comments of nonstandardized 
surveys [ 16 1 ,  17 2 ,  18 1 ,  22 ,  24 ,  28 ,  29 ,  35 ,  37 ], 3 used stan-
dardized (dichotomous) questions  [27, 30, 38] , 4 used 
self-designed structured questionnaires, each with differ-
ent multistage rating scales (e.g. 1–5, 0–100) [ 12 ,  17 1 ,  19 , 
 34 ], 2 mentioned the use of questionnaires but did not 
provide detailed information on contents or a reference 
[ 18 3 ,  26 ], and 1 presented results of the subjective evalu-
ation by response categories referring to different items 
but without mentioning the assessment instrument used 
for this purpose  [23] . Most frequently used outcomes of 
standardized surveys included maneuverability [ 12 ,  17 1 , 
 38 ], safety  [12, 30, 38] and comfort  [12, 19, 34] .
 Discussion 
 The aim of this systematic review was to summarize 
the methodology of evaluation studies of RRs with focus 
on the user perspective. Identified studies showed large 
heterogeneity in definitions of potential users, study pop-
ulation, study design and assessment methods. We found 
major methodological shortcomings related to insuffi-
cient sample descriptions and sample sizes, lack of appro-
priate, standardized and validated assessment instru-
ments, and lack of statistical analysis of study results. No 
generic methodology to evaluate RRs could be identified. 
 User Group Definitions 
 The majority of user group definitions seemed inade-
quate to guide a technical development of an AAL system. 
Generic, setting-specific, nonspecific impairment-based 
or disease-oriented definitions do not relate to specific 
functional impairments of potential users, but cover users 
with a wide range of different functional abilities and re-
quirements. The effective design of AAL systems in such 
heterogeneous user groups may not be feasible. The main 
goal of an AAL system should rather be to overcome or 
compensate for specific impaired functions. Clear im-
pairment-related definitions are therefore mandatory to 
specifically tailor AAL developments for specific impair-
ments of users and to ensure that innovative function-
alities effectively address a user’s needs. When such 
 specific impairment-related definitions are additionally 
based on standardized and validated assessment methods 
with established cutoff values, a general comparability of 
developments and evaluations will be feasible.
 Definitions according to impairment levels will in turn 
allow specifications such as risk stratification of potential 
users. With this, the user group will be further classified, 
opening up the option to exclude persons with no or mi-
nor impairment, with no need for assistive devices, or 
with advanced impairment or unacceptable risk exposure 
when using the device (triage). Another specification may 
focus on the main function of the specific device. For ex-
ample, when an AAL system such as a RR basically sup-
ports gait performance, a specific definition based on 
standardized and validated gait assessment (e.g. 10MWT) 
will be superior compared to less specific definitions such 
as general functional scores (e.g. Barthel ADL Index). 
 As the user group of RRs may be old and multimorbid 
persons, also highly prevalent age-associated impair-
ments might be included in the definitions, depending on 
the specific functionalities or complexity of devices (e.g. 
inclusion of cognitive impairment with respect to naviga-
tion functions in disoriented persons).
 Study Samples 
 Overall, sample sizes seemed rather limited to give a 
consistent picture of the user perspective. Surprisingly, 
the statistical analysis of documented data was not in the 
focus of studies as only a very limited number included 
such analyses (3 of 28) and none of these presented a sam-
ple size calculation as a prerequisite of statistical analysis. 
 A remarkable number of studies (10 of 28) evaluated 
RRs in persons who were not covered by the predefined 
user group, considerably limiting the user perspective of 
these studies. Study results with inadequate, convenient 
or insufficiently described samples may not suffice to al-
low conclusions for persons with specific impairments 
which may represent the potential users of the RR. To 
ensure that RRs meet a user’s needs and requirements and 
become successful on the market, it seems mandatory to 
involve the intended users at all stages of the design and 
evaluation process of such assistive robotic technologies 
 [39–41] . 
 Design of Studies 
 Observational Studies 
 The most heterogeneous group of studies covered ob-
servational studies that used solely descriptive data pre-
sentations without providing any reference or compara-
tive values. Findings and conclusions of these studies 
were thus mainly based on the authors’ subjective percep-
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tion and appraisal. However, when using standardized 
and validated outcome measures with well-established 
cutoff values or other assistive mobility devices for com-
parison, such observations lose their merely subjective 
and study-specific nature and enable the objective ap-
praisal of outcomes related to other studies or the docu-
mentation of an added value of the RR compared to oth-
er devices. From a user as well as a technical perspective, 
observational studies that descriptively presented non-
classifiable or noncomparable outcomes therefore seem 
to have limited value.
 Comparative Studies 
 The documentation and perception of an added value 
of the RR is of utmost importance for potential users. In-
novative high-tech developments may be fascinating and 
mandatory for engineering research; however, they may 
also lead to rather complicated devices for everyday use, 
not easy to maneuver, too complex to operate, or too ex-
pensive to afford. A comparison of RRs with established, 
low-tech devices (‘inter-device comparative study de-
sign’) may therefore be useful to demonstrate to users the 
benefit of RR usage.
 Comparisons may also be used for the evaluation of 
single functionalities to document the effect of a specified 
functionality (e.g. activated guidance system) or the prog-
ress of a new development stage. Such an ‘intra-device 
comparative’ study design allows a tailored assessment of 
the subjects’ functional performances, physical and phys-
iological demands, and user experience in specific assis-
tance levels or development stages of the RR.
 Frail, older persons may initially be intimidated by the 
robot’s appearance in early stages of development (e.g. 
without casing, exposed hardware) which may in turn re-
sult in a more negative user perception before actually 
having used the RR. Subjective user evaluations, in a pre-/
posttest study design, provide the opportunity to assess 
the subjects’ initial impressions of the RR and whether 
there are potentially negative prejudices, which may, 
however, be overcome after actual use of the RR.
 Independent of different types of comparative studies, 
such a study design should definitely include a statistical 
analysis to compare results, which was however seldom 
used in the identified studies. 
 Interventional Studies 
 An interventional study design represents a new as-
pect in evaluation studies with strong focus on the user 
perspective. Newly developed RRs may not necessarily 
meet a user’s acceptance or provide usability and efficien-
cy when using them for the first time. Insufficient training 
opportunities or instruction prior to assessment mea-
sures may jeopardize study outcomes  [42] . An adequate 
practice time therefore seems mandatory to prevent ini-
tial problems in operating the RR and may further in-
crease the impact on outcomes. Particularly when com-
paring RRs with a subject’s own conventional assistive 
devices, brief instructions may not be sufficient, as sub-
jects are already much more familiar and better trained 
with their own devices.
 Overall, we identified a lack of studies investigating us-
ability of RRs in natural environments with adequate 
long-term evaluation of habitual use. The development 
and evaluation of RRs seemed to occur rather in engineer-
ing laboratories than in clinical settings, as already report-
ed for other robotic assistance systems (e.g. service robots, 
robotic exoskeleton)  [43] . This may be explained by the 
fact that most of the identified studies evaluated research 
prototypes in rather early development stages, not yet 
ready for market launch. In such stages, it is important to 
manipulate specific variables of a prototype in order to 
investigate their effects precisely and to optimize technical 
functionalities accordingly  [41] . Since laboratory evalua-
tions also require less time and provide highly standard-
ized conditions, a restricted experimental study design 
may have been favored. However, for the ultimate goal of 
RRs to assist mobility of impaired persons in daily life, 
tests for habitual use seem to be mandatory documenting 
risk, experience-based perception of use, and quality of 
life with high relevance for users as well as caregivers.
 Assessment Methods 
 Clinical Performance-Based Measures 
 Internationally well-established, clinical performance-
based measures allow a worldwide comparability of re-
sults, but may be insufficient to cover the particular add-
ed value of specific robotic functionalities (e.g. obstacle 
avoidance, navigation assistance) as the outcome vari-
ables do not necessarily refer to the subjects’ abilities po-
tentially affected by the RR  [42] . In addition, clinical as-
sessment methods may be limited by subjective rating 
(POMA) or limited with respect to less detailed, unidi-
mensional outcomes such as gait speed (4MWT, 10MWT) 
or TUG. Augmenting such measures with technical as-
sessment systems (e.g. video analysis system) allows a 
multidimensional analysis of the subjects’ gait, including 
outcomes related to insecure gait or postural (in-)stabil-
ity (e.g. width of base of support, double vs. single limb 
support) and reduction of the risk of falls as a main target 
of RRs. 
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 Even established and validated assessment methods 
may have their limitations when inadequately used. Out-
comes such as gait speed (4MWT) and task completion 
time (TUG) may be inappropriate when comparing a 
nonmotorized, conventional device with a motorized RR 
with limited maximum speed. In such comparisons, a su-
perior outcome for the low-tech device seems almost 
mandatory and may indicate an insufficient selection of 
a study outcome. The use of ADL scales (e.g. Barthel ADL 
Index) to evaluate the effects of a robot-assisted ambula-
tion training appears also inappropriate, since they in-
clude, if any, only very few sub-items targeting the sub-
ject’s walking ability.
 Another potential methodological pitfall may be re-
lated to performance-based outcome variables with am-
biguous consequences: a motorized RR will improve gait 
speed in less impaired persons without substantial risk. 
However, improved performance may be traded off by a 
substantially higher risk of falling in more impaired per-
sons. 
 Tailored Assessment Methods 
 The quality of an assessment strategy substantially de-
pends on the appropriateness of methods with focus on 
the newly developed functionalities to document the add-
ed value of RRs. Clinical performance-based measures 
may be attractive because of their well-established psy-
chometric properties; however, they have been developed 
for clinical purpose and may not cover new functional-
ities in innovative assistive technologies  [42] . An assess-
ment strategy specifically tailored to the specific func-
tionality to be evaluated may help to achieve this goal. In 
RRs, depending on the functionalities installed, a huge 
data flow created by the robot-integrated sensing tech-
nique already exists to control motor or cognitive assis-
tance systems. Using this data flow for assessment pur-
poses may allow highly qualitative and quantitative tai-
lored assessments exactly tuned to the newly developed 
functionality in order to document the added value of the 
RR. For example, when focusing on functionalities pro-
viding navigational assistance, the data flow from laser 
sensors, which is used to feed back the position of the RR, 
could be processed into a superior assessment of walking 
trajectories during a navigational task. When using such 
data for the purpose of assessment, it seems mandatory to 
examine or to provide sufficient information on the psy-
chometric qualities of the robot-integrated sensor tech-
nique and the analysis method used to process raw data 
into the outcome variables. However, it appeared that 
only 1 study used an already established method for this 
approach  [28] . Furthermore, to ensure reliable, repro-
ducible and comparable outcomes, the test procedure of 
tailored assessment measures has to be also clearly stan-
dardized. 
 Evaluation of Physical and Physiological Demands 
 Measures such as EMG, respirometry, accelerometry, 
or measurements of applied steering forces to the RR al-
low a detailed insight into relevant physical and physio-
logical effects on objective parameters, which may be in-
dicators for the subject’s individual physical exertion (e.g. 
VO 2 , muscle activity). However, some of these rather la-
borious measures (e.g. EMG, respirometry) seem less 
amenable for old and multimorbid persons and may have 
therefore been used predominantly in studies including 
only young, healthy adults  [19, 33] . To prevent overtaxing 
by test conditions, alternative methods to evaluate physi-
cal exertion are available which may increase amenability 
by standardized and validated subjective rating [e.g.  44 ].
 Subjective Evaluation Measures 
 In studies including subjective evaluation measures, a 
wide range of methods (e.g. nonspecific comments, self-
designed questionnaires) related to a variety of different 
aspects of the subject’s experience with the RR was used 
which may considerably limit the comparability of out-
comes. The overall lack of already established, validated 
questionnaires for the subjective evaluation of assistive 
technology [e.g.  45–47 ] might be due to two reasons: (1) 
established questionnaires have been developed for a ge-
neric evaluation of a wide range of assistive technology 
devices but may be limited for evaluating specific func-
tionalities of individual devices  [45] ; (2) some question-
naire items may also be inappropriate to evaluate proto-
types after a short-term experiment in a restricted test 
scenario, covering aspects such as quality of life, usability 
in daily routine, durability, or services  [45–47] whose as-
sessment may only be feasible after habitual use of the 
devices over an extended period of time. However, the 
subjective evaluation measures used in the identified 
studies rather targeted the subject’s actual experience di-
rectly after using the RR. This may explain the use of self-
developed questionnaires including items already assess-
able after short-term use in an artificial setting (e.g. ma-
neuverability, safety, ease of use). However, only once 
these questionnaires have been validated before applica-
tion and internationally established cutoff values are 
available, will such assessment instruments guarantee 
high psychometric quality and allow comparability of 
study results  [48] .
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 Limitations 
 Only information available in the articles was evalu-
ated in this review, although the authors may have used 
additional or more detailed methodology, not stated in 
the articles. The evaluation of AAL prototypes may re-
quire elaborate and costly ethical application, and study 
procedures (‘Medical Product Act’) may have prevented 
RRs to be tested in comprehensive studies with adequate 
sample sizes and the target user group as well as in natural 
environments with adequate long-term evaluation of ha-
bitual use. The role of clinical partners in AAL research 
projects may offer opportunities to solve such problems. 
Clinical partners may be able to provide specific impair-
ment-based user group definitions, to recruit a satisfac-
tory number of potentially adequate subjects and to in-
vestigate the habitual use of AAL systems in natural envi-
ronments.
 Conclusions  
 Apart from the heterogeneity, methodological deficits 
in most of the identified studies became apparent. Rec-
ommendations for future evaluation studies include: (1) 
clear definition of the target user group by valid, specific 
impairment-based criteria; (2) adequate selection of sub-
jects with predefined inclusion criteria representative of 
potential users; (3) inclusion of other assistive mobility 
devices for comparison; (4) inclusion of the habitual use 
of advanced prototypes in evaluation rather than mere 
short-term, restricted, experimental test scenarios for sin-
gle functionalities of prototypes not finalized for use in 
the target user group; (5) selection of established, stan-
dardized and validated assessment methods; (6) imple-
mentation of a specifically tailored assessment strategy, 
focusing on specific functionalities of the RR, and (7) sta-
tistical analysis of study results. These recommendations, 
given for RRs, may also apply in general to the develop-
ment and evaluation of AAL systems with focus on the 
user perspective.
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Table 1. Overview of the search term used in PubMed 
Assistive mobility device Robotic functionality Gait/mobility support Evaluation measure 
#1 ‘robotics’[Mesh] 
#2 ‘walkers’[Mesh] 
#3 ‘self-help devices’[Mesh] 
#4 ‘biomedical technology’[Mesh] 
#5 robot*[tiab] 
#6 rollator*[tiab] 
#7 mobile platform*[tiab] 
#8 mobility aid*[tiab] 
#9 mobility device*[tiab] 
#10 assistive device*[tiab] 
#11 assistive system*[tiab] 
#12 walking aid*[tiab] 
#13 OR (#1-#12) 
#14 ‘electric power supplies’[Mesh]  
#15 robot*[tiab]  
#16 smart[tiab]  
#17 intelligent[tiab]  
#18 power*[tiab]  
#19 electric[tiab]  
#20 motorized[tiab]  
#21 motorised[tiab]  
#22 OR (#14-#22) 
#23 (#13 AND #22) 
#23 ‘gait’[Mesh]  
#24 ‘Walking’[Mesh]  
#25 ‘Dependent Ambulation’[Mesh]  
#26 gait[tiab]  
#27 walk*[tiab]  
#28 ambulant*[tiab]  
#29 mobility[tiab]  
#30 OR (#23-#29) 
#31 (#13 AND #22 AND #30) 
#32 ‘evaluation studies as topic’[Mesh]  
#33 ‘Technology Assessment, Biomedical’[Mesh]  
#34 evaluat*[tiab]  
#35 assess*[tiab]  
#36 measur*[tiab]  
#37 trial*[tiab]  
#38 experiment*[tiab]  
#39 test*[tiab] 
#40 clinical[tiab] 
#41 OR (#32-#40) 
#42 (#13 AND #22 AND #30 AND 41) 
 
 Table 2. Study characteristics and assessment methods of the 28 studies included in this systematic review 
Name of device 
Authors [Ref. No.] 
User group 
definition 
Study sample Study object Study design Assessment methods 
Type: outcome measurement: outcome variable 
Context-aware 
Assisted Interactive 
RObotic Walker 
(CAIROW) 
Mou et al. 2012 [161,2] 
PD patients  Study 1 
n = 6 (F = n/a) 
Age: n/a 
PD patients of senior care unit; 
mHY, stage range 1.5-3 
UP  IV: repeated assessment 
on six consecutive days 
TAM: gait analysis on straight walking pathb; CAIROW gait analysis system (based 
on LRF)b: SD of gait speed/step length; expert rating of gaitd: number of abnormal 
gait patterns (festinating gait, freezing of gait) 
UE OB SEM: user commentsc after gait analysis  
Study 2 
n = 7 (F = n/a) 
Mean age: 86 yrs 
PD patients of senior care unit; 
mHY, stage range 1-3 
UP  Inter-DC: walking with 
CAIROW vs. normal 
walking (with own/ without 
assistive device) 
TAM: gait analysis on walking path with obstacles, people randomly passing by, up- 
and down-going slopes, short section for backward walkingd; CAIROW gait analysis 
systemb or LRFc placed in test environment when normal walking: SD of gait 
speed/step length; expert rating of gaitd: number of abnormal gait patterns 
TC (gait analysis 
system) 
EC: gait analysis system 
vs. expert rating 
TEM (see original article for details) 
Care-O-bot II 
Graf 2009 [26] 
Elderly people in 
home environment 
n = 6 (F = 5) 
Age range: 86-92 yrs 
Inhabitants of an old people’s 
residence using mobility aids in 
daily life 
UP, PD 
 
Inter-/intra-DC: target 
mode (robot-determined 
motion control) vs. direct 
control mode (user-deter-
mined motion control) vs. 
conventional walker 
TAM: navigation trail in old people’s residence with a ramp, tables, and people 
randomly passing byd; robot’s guidance systemc, bicycle speedometerc mounted on 
conventional walker: walking time, number of collisions, maximum speed, walking 
distance, distance to obstacle 
PHY: force/torque sensorsc in robot’s handles, force measurement when using 
conventional walker not reportedd: pushing force  
UP OB TAM: navigation trail in old people’s residence with transition between ground floor 
and 1st floor, a ramp, tables, people randomly passing byd: achievement of target  
UE OB SEM: questionnaireb after navigation trail: n/a 
Chugo group walker 
Chugo et al. 2009 
[30] 
Elderly people in 
need for nursing in 
daily routine 
n = 7 (F = n/a) 
Age: ≥ 67 yrs 
People in need of long-term care 
at level I or II in Japanese Long-
term Insurance System 
UE Inter-/intra-DC: STS 
transfer without 
assistance vs. with 
previous/novel STS 
assistance system  
SEM: questionnaireb after STS transfer : ease of standing up, fear of falling (1= 
inferior, 3 = same, 5 = better feeling compared to STS transfer without assistance)  
CO-Operative 
Locomotion Aide 
(COOL-Aide) 
Wasson et al. 2008 
[22] 
Elderly people n = 12 (F = 2) 
Mean age (SD): 36.8 (18.1) yrs 
Healthy subjects (n = 8), subjects 
with disorders affecting mobility 
(cerebral palsy, familial torsion 
dystonia) (n = 8) 
note: (1) total sample, (2) - (5) 
subsample: only healthy subjects  
TC (guidance, user 
intent detection and 
obstacle avoidance 
system)  
OB TEM (see original article for details) 
TC (obstacle 
avoidance system 
with vs. without 
stability preservation) 
Intra-DC: standard vs. 
stability-preserved 
obstacle avoidance 
TEM (see original article for details) 
UE OB SEM: user commentsd after performing a set of short obstacle courses 
Gait Rehabilitation 
Service Robot 
(GRSR) 
Jang et al. 2008 [33] 
Disabled or elderly 
with mobility 
problems or 
paralysis; weighing 
up to 75 kg 
n = 2 (F = 0) 
Mean age (SD): 28.5 (2.1) yrs 
Ordinary adult males  
TC (guidance system) OB TEM (see original article for details) 
PD Intra-DC: 40/20 % body 
weight support vs. full 
body weight 
PHY: EMGa during straight walking with standardized gait speed of 0.2 m/s: muscle 
activity of lower extremities (EMG signal) (quadriceps, hamstrings, gastrocnemius, 
tibialis anterior) 
 Table 2. (continued) 
Name of device 
Authors [Ref. No.] 
User group 
definition 
Study sample Study object Study design Assessment methods 
Type: outcome measurement: outcome variable 
Guido 
Rentschler et al. 2008 
[34] 
Frail elderly people 
with visual 
impairment  
n = 17 (F = n/a) 
Mean age (SD): 85.3 (7.0) yrs 
Residents of a supportive living 
facility/nursing home with visual 
impairment due to macular 
degeneration, cataract, glaucoma 
or other reasons; mean time (SD) 
since onset of visual impairment: 
20.4 (13.0) yrs; ambulatory ( 20 
min within 90 min period) with 
limited assistance 
UP Inter-/intra-DC: Guido vs. 
conventional assistive 
mobility device or normal 
walking (with own/ no 
assistive device); 
automatic (user-
determined motion 
control) vs. manual mode 
(shared user-robot motion 
control) 
TAM: obstacle course with randomly placed obstacles before each triald: walking 
time, number of obstacle/wall collisions, number of reorientations 
UE PPC: before and after 3 
trials  
SEM: Subjective Mobility Questionnaireb after obstacle course: appearance, ease of 
use, usefulness in living enviroment, embarrassment (1 = best score; 5 = worst 
score) 
Hitachi walker 
Tamura et al. 2001 
[32] 
Elderly people who 
have difficulty 
walking  
n = 6 (F = n/a) 
Mean age (SD): 82 (7.9) yrs 
Subjects ambulatory with 
supervision (n = 4), subjects in 
need for walking assistance (n = 
2) 
UP 
PD 
Inter-DC: Hitachi vs. 
caster vs. conventional 
walker; robot vs. parallel 
bars  
 
CPM:10MWTa: gait speed 
PHY: EMGc, tri-axial accelerometerc during non-standardized gait speed (10MWT): 
muscle activity (EMG signal), trunk acceleration 
HUST walking-aid 
robot 
Xu et al. 2013 [23] 
Elderly or disabled 
people 
n = 3 (F = n/a) 
Age: n/a 
Volunteering subjects with/ 
without experience using robot; 
one subject with restricted knee 
joint to imitate lower limb 
disorders 
TC (motion control 
system)  
PPC: autonomous 
learning process of HUST 
in motion behavior over a 
series of trials  
TEM (see original article for details) 
 
UE OB SEM: subjective evaluation after completing a series of obstacle courses, 
assessment measure not reportedd: flexibility, comfort, maneuverability, obstacle 
avoidance 
i-Go  
Ko et al. 2014 [24] 
Elderly people n = 3 (F = n/a) 
Age: “in their twenties” 
TC (guidance system) 
UE 
OB TEM (see original article for details) 
SEM: user commentsd after completing an S-shaped walking path 
Intelligent Mobility 
Platform (IMP) 
Glover 2003 [29] 
Older adults 
(primarily without 
major visual or 
cognitive 
impairment) 
n = 6 (F = n/a) 
Age: n/a 
Residents of a care facility with/ 
without need for walker 
UE  OB SEM: user commentsd after presentation and informal testing of the robot  
iWalker 
Kulyukin et al. 2008 
[27] 
Persons with stroke, 
early- to mid-stage 
AD, traumatic brain 
injury, macular 
degeneration, 
cataracts, visual 
impairment; 
primarily in nursing 
and assisted living 
homes 
n = 4 (F = n/a) 
age: n/a 
Clients of in-home supportive 
service currently using cane, 
walker or bot, with history of way 
finding problems; MMSE, mean 
score (SD): 26 (3.6) 
UP Inter-DC: iWalker vs. 
conventional device 
(cane/walker) 
accompanied by 
researcher 
TAM: several navigation trailsb : walking time, number of navigational mistakes 
UE  Intra-DC: map-based (+ 
auditory cues) vs. text-
and-arrow-based (+ 
auditory cues) user 
interface design 
SEM: dichotomous questionb: choice of user interface; user commentsd 
 Table 2. (continued) 
Name of device 
Authors [Ref. No.] 
User group 
definition 
Study sample Study object Study design Assessment methods 
Type: outcome measurement: outcome variable 
i-Walker (EU) 
Annicchiarico 2012 
[36] 
Post-stroke patients 
with hemiparesis 
n = 20 (F = 11) 
Mean age: 59.9 yrs 
Acute hemiparetic stroke patients 
(event < 1 yrs) receiving 
rehabilitation treatment; MMSE 
score ≥ 20; CNS upper & lower 
limb > 0 
UP IV (RCT): robot-assisted 
ambulatory training (EG) 
vs. in parallel bars (CG) (4 
weeks, 5x a week) 
CPM: POMAa: total score; 6mWTa: walking distance; 10MWTa: gait speed 
ADL screening: Barthel ADL Indexa: score 
i-Walker (Japan) 
Kikuchi et al. 2010 
[31] 
Patients with 
imbalanced 
motor/sensory 
functions (e.g. 
hemiplegic 
patients), difficulties 
in smooth walking 
n = 6 (F = 2) 
Mean age (SD): 88.7 (6.1) yrs 
Residents of elder care facility 
with wheelchair due to loss of 
vision/muscle strength which 
occasionally train walking with 
forearm caster walker; chronic 
disease: stroke, dementia, 
muscle atrophy, high blood 
pressure, heart failure, AD, 
cataract, PD 
UP  Intra-DC: passive vs. 
active robot motion 
control system 
TAM: walking path with obstaclesb, robot-integrated web camerac: deviations from a 
path marked on the floor, number of collisions 
JAIST Active 
Robotic Walker 
(JARoW) 
Lee et al. 2014 [38] 
Elderly people with 
certain level of 
ambulatory 
capability (FAC 
score 4-5) 
n = 5 (F = 4) 
Age range: 75-84 yrs 
Subjects using traditional walkers 
in daily routine  
UE  Inter-DC: JARoW vs. 
conventional walker 
SEM: questionnaireb after walking around for 10 min: ease of walking, safety, 
maneuverability, suggestions for improvements 
MOBIL walking & 
lifting aid 
Bühler et al. 2001 
[181] 
Frail, elderly and 
walking disabled 
people 
Study 1 
n  2 (F = n/a) 
Age: n/a 
Selected users, technical and 
rehabilitation experts 
TC (overall system 
functionality) 
UE 
OB TEM (see original article for details) 
SEM: user/expert ratings, comments and interviewsd 
MOBIL test bed 
[182] 
Frail, elderly and 
walking disabled 
people 
Study 2 
n  2 (F = n/a) 
Age: n/a 
Rehabilitation engineers, walking 
impaired persons 
TC (overall system 
functionality) 
OB TEM (see original article for details) 
MOBIL walking & 
lifting aid, MOBIL 
test bed  
[183] 
Frail, elderly and 
walking disabled 
people 
Study 3 
n  2 (F = n/a) 
Age: n/a 
Community-dwelling people, 
institutionalized elderly disabled 
people, care staff 
UE OB SEM: questionnaireb after demonstration, video presentations, practical trials: n/a  
 
 Table 2. (continued) 
Name of device 
Authors [Ref. No.] 
User group 
definition 
Study sample Study object Study design Assessment methods 
Type: outcome measurement: outcome variable 
Nomad XR 4000 
Morris et al. 2003 [28] 
Frail older people 
with cognitive 
impairment 
n = 4 (F = n/a) 
Age: n/a  
Residents of a retirement facility 
UP Intra-DC: passive (no 
navigational assistance) 
vs. active (with 
navigational assistance) 
vs. forced mode (full robot 
motion control)  
TAM: navigational traild; robot’s navigation system (based on LRF, ‘Monte Carlo 
localization’)a: deviation from optimal path  
 
UE OB SEM: user comments after navigational trailsd 
Personal Aid for 
Mobility and 
Monitoring (PAMM 
SmartWalker) 
Yu et al. 2003 [171,2] 
Independently living 
or institutionalized 
elderly people with 
mobility difficulties 
due to physical 
frailty and/or 
disorientation due to 
age and sickness 
Study 1 
n = 8 (F = n/a) 
Age: n/a 
Elderly residents of assisted living 
facility with mobility aid 
UE OB SEM: questionnaireb after free driving at facility: ease of control, going straight, 
turning, heaviness, support, satisfaction (1 = worst score, 5 = best score) 
Study 2 
n = 8 (F = 5) 
Age range: 84-95 yrs 
Elderly residents of assisted living 
facility with need for walkers 
UP Intra-DC: full robot motion 
control vs. adaptive 
shared user-robot motion 
control vs. without any 
motion control 
TAM: wall-limited walking path through assisted living facilityd; robot’s vision-based 
localization system (based on charged-coupled device camera)b: deviations from 
robot-generated, pre-planned path, distance to wall 
UE OB SEM: user commentsd 
Robotic Mobility 
Platform (RMP) 
Grondin & Qinggou 
2013 [19] 
n/a n = 10 (F = 5) 
Mean age (SD): 24.6 (3.0) 
Subjects without previous/current 
gait-related injuries and without 
experience in using rollators or 
robotic walkers 
UP, PD Intra-DC: novel vs. 
previous motion control 
system 
TAM: walking with targeted velocity of 1 m/s through a circular path in low-traffic 
hallwaysb; technical outcome measurement not reportedd: mean and SD of robot 
velocity; PHY: force/torque sensora under robot’s left handle: pushing force 
PD Inter-/intra-DC: novel vs. 
previous motion control 
system vs. conventional 
rollator vs. no assistive 
device 
PHY: walking with targeted velocity of 1 m/s through the circular pathc (use of a Hall 
effect sensor mounted on the conventional rollator to display target velocity); 
respirometrya: metabolic cost of transport, oxygen consumption 
UE Intra-DC: novel vs. 
previous motion control 
system 
SEM: questionnaireb: comfort, intuition, speed control, exertion, overall experience 
(0 = worst score, 5 = best score) 
robuWALKER 
Rumeau et al. 2012 
[21] 
elderly people n = 8 (F = 5) 
Mean age (SD): 82.6 (8.7) yrs 
Healthy elderly (n = 4): 4MWT < 
4s, TUG < 13s, MMSE score ≥ 
26; elderly patients with motor & 
cognitive impairment (n = 4): 
4MWT > 4s, TUG > 13s, MMSE 
mean score (SD): 20 (3.5); all 
subjects without experience in 
using walking frames 
UP Inter-DC: robuWalker vs. 
conventional walker 
CPM: 4MWTa: gait speed, modified TUGa: completion time; gait analysis by video 
recordingsc during 4MWT and TUG: step time, double support time 
 Table 2. (continued) 
Name of device 
Authors [Ref. No.] 
User group 
definition 
Study sample Study object Study design Assessment methods 
Type: outcome measurement: outcome variable 
Robotic Travel Aid 
(RoTA) 
Mori et al. [35] 
visually impaired 
community-dwelling 
people, hospital 
patients, or 
residents of senior 
homes 
loss of ability to 
walk with mobility 
aids for the blinds 
n > 60 (F = n/a) 
Age: n/a 
Blind and weak-sighted elderly 
people 
UE OB SEM: user commentsd after walking course 
RT Walker 
Taghvaei et al. 2010 
[20] 
n/a n = 2 (F = n/a) 
Age: n/a 
 
TC ( motion control 
system) 
OB TEM (see original article for details) 
 
SIMBIOSIS Walker 
Frizera-Neto et al. 
2011 [12] 
SCI patients mainly 
using wheelchair, 
but usually able to 
walk for short 
periods of time with 
assistance of 
device, WISCI II = 
16 
 
n = 8 (F = n/a) 
Age: n/a 
Subjects with preserved cognitive 
functions; ability to (1) maintain 
standing position, (2) walk 10 m 
without assistance of another 
person and with or without 
support of a mobility aid, and (3) 
to grasp; WISCI II, mean score 
(SD): 15.9 (2.9) 
TC (user intent 
detection system) 
OB TEM (see original article for details) 
UE OB SEM: questionnaireb after completing U-shaped walking path: maneuverability, 
safety, posture & comfort (0 = worst score, 100 = best score) 
Smart Mobile 
Walker (SMW) 
Lee et al. 2012 [37] 
elderly people, 
people with 
hemiplegia, people 
with incomplete SCI 
 
n  2 (F = n/a) 
Age: n/a 
Stroke patients, SCI patients, 
clinical experts 
UE OB SEM: user comments/interviewsd after demonstrations 
Walking Helper 
Hirata et al. 2005 [25] 
elderly people, 
disabled people 
n = 8 (F = n/a) 
Age: n/a 
UP Intra-DC: novel vs. 
traditional motion control 
system 
TAM: following S-shaped walking pathb (marked on the floor); technical outcome 
measurement not reportedd: deviation from path marked on the floor 
Abbreviations: PD = Parkinson’s disease; F = females; n/a = not available; mHY = modified Hoehn and Yahr Scale; UP = User performance; UE = User experience; IV = interventional; OB = observational; TAM = 
tailored assessment measure; LRF = laser rangefinder; SD = standard deviation; SEM = subjective evaluation measure; TC = technical capability; inter-DC = inter-device comparative; EC = comparison with external 
criterion measure; TEM = technical evaluation measure; PD = physical/physiological demands; intra-DC = intra-device comparative; PHY = evaluation of physical or physiological demands; STS = sit-to-stand; EMG = 
electromyography; PPC = pretest-posttest comparative; CPM = clinical performance-based measure; 10MWT = 10-meter walk test; MMSE = Mini-Mental State Examination; CNS = Canadian Neurological Scale; RCT = 
randomized controlled intervention trial; EG = experimental group; CG = control group; POMA = Performance Oriented Mobility Assessment; 6mWT = 6-minute walk test; ADL = activities of daily living; AD = Alzheimer’s 
disease; FAC = Functional Ambulation Classification; TUG = Timed Up and Go; 4MWT = 4-meter walk test; WISCI = Walking Index for Spinal Cord Injury; SCI = Spinal Cord Injury. 
a established, standardized and validated assessment test or outcome measurement. 
b standardized, but not validated test procedure or outcome measurement. 
c potentially an established outcome measurement, but no reference given.  
d non-standardized or unclear test procedure or outcome measurement. 
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ABSTRACT 
Purpose: To evaluate the effectiveness and perception of robotic rollators (RRs) from the 
perspective of users.  
Methods: Studies identified in a previous systematic review published 2016 on the meth-
odology of studies evaluating RRs by the user perspective were re-screened for eligibility 
based on the following inclusion criteria: evaluation of the human-robot interaction from the 
user perspective, use of standardized outcome measurements, and quantitative presenta-
tion of study results.  
Results: Seventeen studies were eligible for inclusion. Due to the clinical and methodolog-
ical heterogeneity across studies, a narrative synthesis of study results was conducted. We 
found conflicting results concerning the effectiveness of the robotic functionalities of the 
RRs. Only a few studies reported superior user performance or reduced physical demands 
with the RRs compared to unassisted conditions or conventional assistive mobility devices; 
however, without providing statistical evidence. The user perception of the RRs was found 
to be generally positive.  
Conclusions: There is still no sufficient evidence on the effectiveness of RRs from the user 
perspective. More well-designed, high-quality studies with adequate study populations, 
larger sample sizes, appropriate assessment strategies with outcomes specifically tailored 
to the robotic functionalities, and statistical analyses of results are required to evaluate RRs 
at a higher level of evidence. 
 
IMPLICATIONS FOR REHABILITATION 
• RRs cover intelligent functionalities that focus on gait assistance, obstacle avoidance, 
navigation assistance, sit-to-stand transfer, body weight support, or fall prevention. 
• The evaluation from the user perspective is essential to ensure that RRs effectively 
address users’ needs, requirements and preferences. 
• The evidence on the effectiveness of RRs is severely hampered by the low methodo-
logical quality of most of the available studies. 
• RRs seem generally to be perceived as positive by the users.  
• There is very limited evidence on the effectiveness and benefits of RRs compared to 
conventional assistive mobility devices. 
• Further research with high methodological quality needs to be conducted to reach 
more robust conclusions about the effectiveness of RRs. 
 
KEYWORDS: Assistive technology, mobility, robotics, walkers, systematic review, evalua-
tion studies, human-robot interaction 
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INTRODUCTION 
The maintenance of mobility is fundamental for the quality of life, wellbeing, and autono-
mous life of older people [1,2], and being physically active is associated with numerous 
positive health outcomes in this population [3-5]. Impaired mobility is, however, common 
among the elderly [6,7] and has been shown to be a risk factor for subsequent disability, 
loss of independence, and mortality [2,8,9].  
To enhance mobility, extend independent living and, ultimately, to improve the quality of 
life of affected people, assistive mobility devices (AMDs) such as walkers, which are used 
more than any other AMD except the cane [10], have been developed with early focus on 
physical support [11]. However, as mobility in the elderly may not only be restricted by motor 
but also by sensorial and/or cognitive impairments [12], conventional AMDs (i.e. canes, 
crutches, walkers, rollators) may not be sufficient to cover the needs of persons suffering 
from such additional geriatric deficits. 
Recent advances in robotics have made it possible to develop a new class of more in-
telligent walkers by integrating robotic technology, electronics and mechanics [13]. Accord-
ing to the user’s needs, these so-called ‘smart walkers’, ‘robotic walkers’, or ‘robotic rolla-
tors’ (RRs) are not restricted to their primary focus, i.e. physical support, but are capable of 
providing mobility assistance in different functional domains [14,15]. Overall, RRs have 
evolved to provide physical support, sensorial and cognitive assistance, and/or health mon-
itoring [16]. More specifically, they may cover robotic functionalities that focus on gait as-
sistance [17], sit-to-stand (STS) transfer [18-20], partial body weight support (BWS) [21,22], 
obstacle avoidance [23-25], navigation assistance [26-28], and/or fall prevention [29,30]. A 
more detailed survey of the various high-tech functionalities of RRs can be found in Martins 
et al. [31,32]. 
An important part in the development process of RRs represents the verification of the 
technical capability of the devices and their functionalities. However, in addition to such 
technical testing, an evaluation that considers the user perspective in terms of the user’s 
performance, physical demands and satisfaction with the RRs is also essential to enable 
and optimize a user-focused development, to prove the usability and effectiveness, and to 
document the potential added value of the innovative, robotic functionalities for the intended 
user group [33]. In general, to ensure that assistive technology devices meet the needs, 
requirements and preferences of users and to become successful on the market, the prod-
uct development and such evaluation processes have to be closely aligned and guided by 
continuous end-user input at all stages [31,34,35].  
The evaluation of RRs from the user perspective seemed to be associated with signifi-
cant methodological challenges [31,36]. In our recent systematic review on the methodol-
ogy of studies evaluating RRs by the user perspective, the identified studies showed large 
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heterogeneity in study population, design of studies/test scenarios, and assessment meth-
ods. No generic methodology to evaluate RRs from the user perspective could be identified 
[19]. We also found major methodological shortcomings related to insufficient sample sizes, 
lack of appropriate standardized and validated assessment methods, and lack of statistical 
analyses of study results. 
The evidence of the effectiveness and positive user perception of the RRs might have 
been substantially influenced by these study limitations and different methodological ap-
proaches. However, as we did not report the results of the studies identified in our previous 
review, we were so far not able to address this topic. To our knowledge, also no other 
systematic review has been published on the results of studies evaluating RRs by the user 
perspective. Therefore, the purpose of this article is to summarize and review study results 
reported for the evaluation of RRs from the user perspective. 
 
METHODS 
This review involved studies identified in our previous systematic review on the methodol-
ogy of studies evaluating RRs by the user perspective [33]. The literature search, inclusion 
criteria, and study selection process of the previous systematic review have been described 
there in detail, so only relevant information for the analysis of study results are reported 
here. The systematic literature search in the electronic databases PubMed and IEEE 
Xplore, reference lists of relevant publications, and key author’s own databases was per-
formed there until December 31, 2014. The studies identified by this search were re-
screened and assessed for eligibility in the current review based on the following inclusion 
criteria: (1) evaluation of the human-robot interaction (HRI) from the user perspective; (2) 
use of a standardized outcome measurement, and (3) quantitative presentation of study 
results. The selection process was performed by two independent reviewers (C.W. and 
P.U.). Disagreement was resolved by consensus or third-party adjudication (K.H.). After 
inclusion, relevant data were extracted by 1 researcher (C.W.) and confirmed by another 
researcher (P.U.). 
 
RESULTS 
After removing duplicates, screening titles and abstracts, and assessing the full-text articles, 
our previous systematic review covered 28 studies [33]. Of these, 11 studies were excluded 
after re-screening for eligibility in the current review as four did not present quantitative data 
on study results, four did not use standardized outcome measurements, two did not provide 
sufficient information on the outcome measurement used, and one did not evaluate the HRI 
by the user perspective (see Figure 1).  
[Figure 1 near here] 
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The remaining 17 studies were reviewed and review results were extracted in table for-
mat, containing information on the names of RRs, study sample, robotic functionality to be 
tested, design of studies/test scenarios, assessment methods, and study results (see Table 
1).  
The methodology of identified studies was described and discussed in detail in our pre-
vious systematic review [33]. In this article, we extracted only information on the study meth-
odology relevant for an adequate presentation, understanding, and discussion of the study 
results.  
[Table 1 near here] 
Study sample 
The sample size of included studies averaged 7.7 ± 4.5 subjects (range, 2-20). The mean 
age of subjects ranged from 25 [37] to 89 years [38], with age information lacking in four 
studies [17,25-27]. Study samples differed considerably across studies, covering impaired 
subjects (e.g. motor, functional, cognitive, visual, and/or neurological) [16-
18,23,25,26,28,38-41], healthy young adults [22,37], healthy and impaired elderly [42], or 
setting-specific subjects (i.e. residents of retirement facility) [27]. 
 
Design of studies and test scenarios 
Seventeen articles described comparative studies or test scenarios in which RRs were com-
pared with conventional AMDs or unassisted walking/STS transfers (‘inter-device compari-
son’) [17,18,23,28,37,40-42], or in which different assistance levels (e.g. activated vs. non-
activated navigation assistance) [22,23,25,27,28,38], development stages [18,37] or user-
interface designs [26] of the same RR were compared to each other (‘intra-device compar-
ison’). Three articles reported on observations and provided only descriptive data without 
any reference or comparative values for classification of study results [16,25,28]. Two arti-
cles described interventional studies that evaluated the effects of an RR-assisted ambula-
tion training compared to traditional ambulation training on parallel bars [39] or of the re-
peated use of a RR over six consecutive days [17]. One article described a test scenario in 
pre-post-test design in which the subjective user perception of the overall RR functionality 
was assessed before and after a series of trials [23]. 
 
Assessment methods 
Depending on the specific RR to be evaluated, assessment methods addressed different 
robot-integrated functionalities. Eight studies evaluated the physical support 
[17,18,22,37,39,41,42], four the navigation assistance [25-28] and four the sensorial assis-
tance functionality of the RR [23,25,28,38]. Six studies included (also) assessment methods 
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that addressed no specific assistance functionality but rather the overall functionality of the 
RR [16,23,25,28,37,40]. 
 
Physical support 
The ability of the RR in supporting users’ gait and motor-functional performance was as-
sessed by clinically well-established walking and functional mobility tests (4-Meter Walk 
Test [4MWT], 10-Meter Walk Test, [10MWT], Timed Up and Go [TUG]) [41,42], gait analysis 
methods [17,42], self-designed walking paths [37], a subjective expert rating of abnormal 
gait patterns (festinating gait, freezing of gait) [17], or a single dichotomous question on the 
ease of walking with a RR [40]. The most frequently used outcome of these assessment 
methods was gait speed or RR velocity [37,41,42]. 
The STS functionality of the RR was evaluated by a self-designed user questionnaire on 
the ease and confidence of standing up with the RR [18].  
The physical demands when using the RRs was evaluated by measuring the exertion of 
force applied to steer the RR [28,37], the oxygen consumption and metabolic cost of 
transport (COT, metabolic cost per unit of mass and distance travelled) [37], the torso kin-
ematics and/or the muscle activity in lower limbs [22,41] during time-based performance 
tasks (navigation trail, 10MWT) or during walking with standardized gait speed. 
To investigate the potential of the RR as rehabilitation training device, the subjects’ gait 
and motor-functional performance and ability in activities of daily living (ADLs) were as-
sessed by the 6-Min Walk Test (6MWT), 10MWT, Performance Oriented Mobility Assess-
ment (POMA), and the Barthel ADL Index [39]. 
 
Cognitive assistance 
Robotic functionalities that aimed to assist navigation and localization were evaluated on 
self-designed navigation trails [25-28]. Outcomes related to subjects’ navigation perfor-
mance covered simple quantifiable outcomes (e.g. task completion time, target achieve-
ment [28]) and more detailed, technique-based outcomes (e.g. deviation from optimal path 
[25,27], walking distance [28]) which were specifically tailored to the functionality to be 
tested and most frequently derived from the data flow created by the robot-integrated sens-
ing technologies (e.g. laser range finder). One study used a dichotomous subjective ques-
tion to assess subjects’ preference of two user different user-interface designs of the RR’s 
navigation assistance system [26]. 
 
Sensorial assistance 
Obstacle avoidance and guidance functionalities of the RRs were evaluated on self-de-
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signed obstacle courses/walking paths [23,38] or during navigation trials [25,28]. The sub-
jects’ sensorial performance with the RRs was assessed by simple quantifiable outcomes 
such as task completion time or number of collisions [23,28,38], or by more technique-
based, tailored outcomes such as the distance to obstacles [25,28] or the deviation from a 
path marked on the floor [38]. 
 
Overall functionality 
Assessment methods that addressed the overall functionality of the RRs covered self-de-
signed structured questionnaires with different items and different multistage rating scales 
to evaluate the subjective user experience with the RR [16,23,25,28,37,40]. The most fre-
quently used questionnaire item addressed the manoeuvrability of the RRs [16,25,37,40]. 
 
Study results 
Study results were predominantly (82.4%) presented by descriptive statistics (e.g. frequen-
cies, means, SDs) [16-18,22,25-28,38,40-42]. Only three out of 17 studies (17.6%) per-
formed an inferential statistical analysis of outcomes [23,37,39]. 
 In the following, we present the study results related to the different assistance function-
alities to be evaluated in the identified studies. 
 
Physical support 
Out of the studies that compared robot-assisted walking and walking with conventional 
AMDs or without support of an AMD [17,40-42], two reported superior gait performance with 
the RR, as indicated by a smaller number of abnormal gaits and lower gait variability (i.e. 
SD of gait speed) [17] or more positive responses on the ease of walking in robot-assisted 
walking [40]. The other two studies reported an inferior gait and motor-functional perfor-
mance with the RR in clinically established walking or functional mobility tests, documented 
by an increased TUG completion time, increased step time and double limb support time 
during the TUG, and/or a slower gait speed (4MWT, 10MWT) [41,42]. In one of these stud-
ies, subjects achieved a higher gait speed (10MWT) with the RR when compared to walking 
in parallel bars [41].  
One study reported the highest questionnaire scores for the use of the most recent de-
velopment stage of the robotic STS assistance system, indicating that subjects perceived 
the STS transfer with this new development stage as being easier and associated with less 
fear of falling than with the previous development stage or without any assistance [18].  
112   Manuskript II 
The study comparing subjects’ gait performance with two different HRI systems reported 
no significant differences in the mean and SD of the RR speed between the newly devel-
oped and the traditional, state-of-the-art HRI system and that subjects were able to achieve 
a similar good speed control to the targeted speed with both HRI systems [37].  
In two studies, walking with motorized RRs was reported to be more physically demand-
ing than with conventional walkers, documented by an increased VO2 and significant 
greater COT [37], or substantially higher forces applied to control the RR [28]. In contrast, 
another study presented a lower muscle activity in lower limbs and trunk acceleration during 
robot-assisted gait when compared to walking with conventional AMDs [41]. One of these 
studies also compared the forces required to steer the RR when using two different HRI 
systems (traditional vs. newly developed system) and showed that these forces were sig-
nificantly higher with the most recent version [37]. In another study assessing physiological 
demands in ambulation with different levels of RR’s BWS system, muscle activity in lower 
limbs seemed to decrease with increasing BWS [22]. 
In the RCT study, robot-assisted ambulation training resulted in significant improved gait 
speed (10MWT) and motor-functional (POMA) and ADL performance (Barthel ADL Index), 
compared to the conventional ambulation training on parallel bars [39].  
The interventional study performing gait analyses on six consecutive days reported the 
same positive level of subjects’ gait performance over the entire ‘intervention’ period in 
terms of low gait variability and a small number of abnormal gait patterns in robot-assisted 
gait [17]. 
 
Cognitive assistance 
In specifically tailored outcomes of the navigation trails, three studies reported superior user 
performance with the activated navigation assistance of the RRs in terms of smaller devia-
tions from an optimal path [25,27] or a reduced walking distance [28] when compared to 
that with a conventional AMD or the same RR with non-activated navigation assistance. In 
less specific outcomes, however, one of these studies reported an inferior user performance 
in robot-assisted navigation, documented by a longer walking time and a slower maximum 
speed [28].  
In all studies comparing different assistance level of the navigation assistance (e.g. 
shared user-robot vs. robot motion control), subjects achieved the highest user performance 
(smallest path deviations [25,27], shortest walking distance [28]) when the RRs provided 
maximum navigation assistance by the full robot motion control modes in which the subjects 
had no control over the motion direction of the RR but followed the RR rigidly along the 
robot-planned path.  
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When having the choice (dichotomous question) between two different user-interface 
designs for the navigation assistance system of a RR, most subjects (75%) seemed to pre-
fer a map-based design when compared to a text-and-arrow based design (25%), as re-
ported in one study [26]. 
 
Sensorial assistance 
On obstacles courses, walking paths or during navigation trails, subjects tended to show a 
superior sensorial performance with the RRs with activated obstacle avoidance and guid-
ance assistance when compared to that with a RR with non-activated sensorial assistance 
or a conventional walker, or without any AMD. Three out of four studies reported larger 
distances to the obstacles [25,28], a reduced number of collisions [28,38], or smaller devi-
ations from a path marked on the floor [38] when using the RR with activated sensorial 
assistance. In one study, which performed a statistical data analysis, descriptive data indi-
cated also fewer collisions but a longer walking time with the sensorial assistance of the 
RR; however, these trends could not be confirmed as statistically significant [23]. 
Out of the studies that compared different assistance levels of the RRs, one out of three 
reported a superior sensorial performance documented by larger distances to obstacles 
when maximum assistance was provided by the full robot motion control mode [28]. In the 
other studies, no apparent [25] or significant [23] differences in outcomes such as the dis-
tance to obstacles, number of collisions, or task completion time were observed. 
 
Overall functionality 
Independent of the different items included in the self-designed questionnaires (e.g. ma-
noeuvrability, safety, comfort), a high number of positive responses [40] and positive aver-
age or median scores in the upper half [16,23,25] or even in the upper quartile [37] of the 
scales were achieved, suggesting, for instance, that the RRs were easy to manoeuvre or 
subjects felt safe and comfortable using the RR [16,23,25,37,40]. 
The study comparing subjects’ user experience with two different development stages of 
the RR’s HRI system reported positive average scores in the upper quartile of the rating 
scales for both the traditional and the newly developed HRI system, with no significant differ-
ences in any questionnaire item (e.g. comfort, overall experience, speed control) [37].  
In the only study that assessed subjects’ perception of the RR before and after the use 
of the RR, favourable average scores in the upper half of the rating scale were observed at 
pre- and post-test assessment with the tendency of more positive scores after participating 
in the study; however, the statistical analysis showed no significant differences between 
pre- and post-testing [23]. 
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DISCUSSION 
The purpose of this systematic review was to summarize the results of studies evaluating 
RRs from the perspective of users. Included studies showed large clinical and methodolog-
ical heterogeneity (sample characteristics, study design, assessment methods, outcomes), 
and findings of studies were mainly based on the authors’ subjective appraisal without sta-
tistical data analysis or reference values for comparison. Such evaluations are of very lim-
ited value at a low level of evidence and rather comparable to mere use case descriptions. 
The overall evaluation of the effectiveness and user perception of the RRs is therefore se-
verely hampered. Although hard to compare, a limited number of studies reported a superior 
user performance in specific outcomes when using the robotic functionalities compared to 
unassisted conditions or the use of conventional AMDs; however, these studies were per-
formed with small sample sizes and without providing statistical evidence. The users’ phys-
ical demands seemed not to be reduced with the RRs when compared to that with a con-
ventional AMD. The overall functionality of the RRs evaluated by subjective user question-
naires was generally rated as positive by the users. 
 
Physical support 
Clinically established functional or walking tests such as the 4MWT, 10MWT, or TUG show 
various methodological qualities; however, they do not prevent a misuse of an inappropriate 
study outcome. When using a motorized RR with limited maximum speed and comparing it 
to a conventional walker or walking without any AMD, it is almost mandatory that the sub-
jects achieved an inferior gait speed or task completion time with the RR, as reported in two 
studies [41,42]. Choosing such inappropriate and unidimensional outcomes underestimate 
or even completely miss the potential benefits of a RR to support users’ gait and motor-
functional performance. Augmenting established clinical performance-based measures 
(e.g. 4MWT, TUG) with technical assessment measures, such as done in one study by a 
video-based gait analysis [42], allows for a multidimensional analysis of subjects’ gait by 
further temporal-spatial gait parameters such as stride length, step time, or double limb 
support time. However, as such parameters are highly associated with gait speed and sub-
jects’ gait speed was limited in this study by RR’s maximum speed, it is not very surprising 
that the subjects achieved superior performance also in these outcomes with the conven-
tional walkers by which they were able to walk much faster. In contrast, studies evaluating 
subjects’ RR-assisted gait and motor-functional performance by less time-/speed-depend-
ent outcomes but more qualitative performance outcomes (e.g. number of abnormal gaits, 
gait variability) or by more user-based outcomes (e.g. subjective perception on ease of 
walking/standing up) reported superior user performance and satisfaction with the RR when 
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compared to with a conventional walker or without support of an AMD. These findings sug-
gest that RRs may well have the potential to provide an added value for subjects’ gait and 
motor-functional performance; however, the documentation of this seems to depend sub-
stantially on the choice of an appropriate outcome.  
The development of AAL systems should involve a multi-stage iterative process, includ-
ing iterative refinement of robotic prototypes/functionalities and their regularly evaluation 
during development process (‘iterative design-development-testing procedure’ [43]). As re-
ported in one study, the most recent development stage of the STS assistance system was 
more positively perceived and rated by the subject than the previous one [18]. In the sense 
of an iterative development process, such findings indicate that the re-design and optimiza-
tion of this robotic functionality seems to have been successful in this study. In contrast, in 
another study that developed and evaluated a new, alternative technical approach for the 
HRI system , such re-design seems to have been less effective, as indicated by the signifi-
cant higher physical demands and similar gait performance reported for the subjects when 
using the more recent approach compared to the traditional, state-of-the-art HRI system 
[37].  
RRs are augmented with a lot of technical hardware components substantially increasing 
their weight and inertia. The motion control of such heavy-weight, high-tech devices using 
HRI forces is still a challenging problem in the development of RR [25]. Since the forces 
required to control them and users’ physical demands were reported to be higher compared 
to low-weight, conventional AMDs [28,37] and further improvements of traditional HRI sys-
tems appear to be difficult to achieve [37], there seems to be still no generic and optimal 
solution for the HRI making the handling of RRs comparable to that of a conventional AMD. 
In one study, the substantially higher user-applied forces may, however, also be caused by 
subjects’ attempt to exceed robot’s limited maximum speed [28]. When choosing a maxi-
mum RR speed without having in mind subjects’ maximum gait speed, it is not surprising 
that subjects intuitively push hard to further accelerate the RR. These findings may indicate 
not only methodological flaws in the design of this study but also less optimized technical 
solutions in the design of the RR.  
The reduced trunk accelerations and EMG signals in lower extremities in robot-assisted 
gait compared to walking with conventional walkers might be a direct consequence of sub-
jects’ lower gait speed with the RR [41]. Since gait speed may be closely related to torso 
kinematics and muscle activity in lower extremities, these findings seem to be almost inev-
itable and may indicate shortcomings in the design of a study. To ensure comparability of 
outcomes such as muscle activity, it is mandatory to standardize subjects’ gait speed when 
using different types of AMDs, such as done in [37]. 
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When using a RR for gait rehabilitation purpose, it is crucial to have the possibility to 
specifically tailor the amount of robotic assistance according to the user’s individual gait 
performance. Since the muscle activity of lower extremities decreased with increasing as-
sistance level of the BWS system evaluated in one study [22], this robotic functionality 
seems to be high adaptable allowing a user-specific adjustment of RR’s assistance levels 
in rehabilitation process. 
Based on clinically established assessment methods (i.e. 6MWT, 10MWT, POMA, 
Barthel ADL Index) and adequate statistical analyses, results of the RCT study [39] indicate 
that RRs may not only be used as an intelligent AMD to support users directly in functional 
tasks of daily living (e.g. walking, STS transfer, navigation), but also for training purposes 
in rehabilitation practice.  
In the other interventional study [17], the similar positive gait parameters without obvious 
changes over the ‘intervention’ period may suggest that either subjects did not require much 
time to get used to the RR and the RR allowed already initially a very satisfactory gait per-
formance or that the repeated use for only a six times in the restricted intervention period 
may not be sufficient to achieve further improvements in outcomes. 
 
Cognitive and sensorial assistance 
Studies evaluating RRs that provided navigation assistance or obstacle avoidance showed 
promising but not conclusive results. In outcomes less specifically tailored to the robotic 
functionalities (e.g. walking time, walking speed), conventional, low-tech AMDs seem to 
allow a superior user performance when compared to RRs [23,28]. In more specifically tai-
lored outcomes (e.g. walking distance, path deviation, distance to obstacles), however, us-
ers seem to achieve a superior performance rather by using a RR that actively provide 
robotic assistance [25,27,28,38]. These findings suggest that such specific outcomes, which 
can often be captured by the sensing technologies already integrated on the RRs to realize 
the high-tech assistance, may be much more appropriate to demonstrate the added value 
of robotic functionalities than rather unspecific outcomes. 
Full robot motion control modes of the RRs provide maximum assistance in navigation, 
guidance, or obstacle avoidance and may allow highest user performances [25,27,28]; how-
ever, as the RR just tracks its self-generated path (around obstacles) without considering 
users’ input in such modes, subjects may complain about having too little control about the 
motion of the RR [25]. From a clinical and user perspective, the motion control of a RR 
should rather be based on a sophisticated HRI which sufficiently bears in mind the user’s 
input, provides adequate assistance only when needed, and gives the user a feeling of 
being in control of the RR at all time. 
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Overall functionality 
In general, results of questionnaire-based surveys on the user-perceived overall functional-
ity of the RRs suggest that subjects had positive experiences with the RR. The comparability 
and a more precise classification of study results is, however, severely limited due to the 
large variety of questionnaires, items and rating scales used to evaluate the subjective user 
experience. One of the most remarkable finding here may be that the manoeuvrability of 
the RRs was rated by the subjects as quite high [16,25,37]. As a lot of hardware components 
are required to realize intelligent robotic functionalities, it seems almost inevitable that RRs 
are heavier and probably also bulkier than conventional walkers. The high manoeuvrability 
reported for the RRs, however, highlights that there are already engineering approaches 
available that successfully address this issue in a user-satisfying manner. 
In the study evaluating the user perception before and after the use of the RR [23], the 
positive results already obtained at pre-test without significant changes after the actual use 
of the RR indicated that subjects seemed to have initially no negative prejudices against the 
RR. Referring to descriptive data, the authors of this study also stated that the RR was 
slightly more positively rated after having used it for a few times (post-test); however, they 
could not confirm this trend as statistically significant. Since the user satisfaction of an AMD 
was reported to be related to the number of times it was used [44], giving the subjects the 
opportunity to use the RR more frequently or over a longer period of time may have further 
increased the positive impact on the user perception. 
 
CONCLUSIONS 
Overall, this systematic review has revealed that the evaluation of RRs from the user per-
spective is still understudied. So far, very limited data on the evidence for the effectiveness 
of RRs in improving users’ mobility and functional performance or in reducing their physical 
demands as well as for the positive user perception of RRs are available. Only tentative 
conclusions can be drawn from the identified studies, which show large heterogeneity and 
mostly lack sufficient methodological quality. Intelligent functionalities of the RRs may have 
the potential to be beneficial for users, and RRs seemed to be generally perceived as pos-
itive; however, more well-designed, high-quality studies with adequate study populations, 
larger sample sizes, appropriate assessment strategies with outcomes specifically tailored 
to the robotic functionalities, and a statistical analysis of results are required to evaluate 
RRs from the user perspective at a higher level of evidence.  
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 Table 1. Study characteristics, assessment methods, and study results of the 17 studies identified in this systematic review 
Name of RR 
Author, year [Ref. No] 
Sample Design 
Assistance 
functionality 
Assessment methods Study results 
CAIROW 
Mou et al., 2012 [17] 
Study A 
n = 6 (F = n/a) 
Age: n/a 
PD patients, mHY stage 1.5-3 
IV: repeated assess-
ment on 6 consecu-
tive days 
PHY Gait analysis: gait speed, step length 
Expert rating of gait: abnormal gait pat-
terns (festinating gait, freezing of gait) 
Gait speed, step length, abnormal gait patterns: in the 
same positive level without obvious changes over the 
entire ‘intervention’ period # 
 Study B 
n = 7 (F = n/a) 
Mean age: 86 yrs 
PD patients, mHY stage 1-3 
INTER: RR vs. normal 
walking (with own/ 
without AMD) 
PHY Gait analysis: gait speed, step length 
Expert rating of gait: abnormal gait pat-
terns 
SD of gait speed, abnormal gait patterns: RR < normal 
walking # 
Step length: n/a 
Care-O-bot II 
Graf, 2009 [28] 
n = 6 (F = 5) 
Age range: 86-92 yrs 
Inhabitants of an old people’s resi-
dence using mobility aids in daily life 
INTER, INTRA: robot 
motion control vs. 
user motion control 
vs. conventional 
AMD+ 
OBS 
COG 
SENS 
PHY 
OA 
Navigation trail with obstacles: walking 
time, number of collisions, maximum 
speed, walking distance, distance to 
obstacles 
Force/torque sensors: pushing force 
Navigation trail with obstacles: target 
achievement  
Self-designed questionnaire 
Walking time: RR > conventional walker #, robot vs. 
user motion control: n/a 
Number of collisions, maximum speed: RR < conven-
tional AMD #, robot vs. user motion control: n/a 
Walking distance: robot < user motion control or con-
ventional AMD # 
Distance to obstacles: maximum distance with robot 
motion control 
Pushing force: RR > conventional AMD #, robot vs. user 
motion control: n/a 
Target achievement: all subjects could be passed by 
safely 
‘80% of subjects felt safe and in control with the RR’ 
GRSR 
Jang et al., 2008 [22] 
n = 2 (F = 0) 
Mean age (SD): 28.5 (2.1) yrs 
Ordinary adult males 
INTRA: 20/40% BWS 
vs. FBW 
PHY EMG
a
 during walking with standardized 
gait speed of 0.2 m/s: muscle activity 
of lower extremity muscles 
EMG signal: 20% BWS < FBW (range -0.9 to -10.0%) #; 
40% BWS << FWB (range -1.8 to -17.2%) # 
Guido 
Rentschler et al., 2008 
[23] 
n = 17 (F = n/a) 
Mean age (SD): 85.3 (7.0) yrs 
Residents of a supportive living facil-
ity/nursing home with visual impair-
ment (e.g. macular degeneration, 
cataract, glaucoma) 
Mean time (SD) since onset of visual 
impairment: 20.4 (13.0) yrs 
Ambulatory (³ 20 min within 90 min 
period) with limited assistance 
INTER, INTRA: RR vs. 
conventional AMD or 
normal walking (with 
own/without AMD); 
user motion control 
vs. shared user-robot 
motion control 
PPT: before and after 
RR usage  
SENS 
OA  
Obstacle course: walking time, number 
of collisions/reorientations 
Self-designed questionnaire: appear-
ance, ease of use, usefulness, embar-
rassment (1 = best score; 5 = worst 
score) 
Walking time: AMD < own/without AMD < Guido: n.s. 
differences 
Number of collisions: Guido < own/without AMD < con-
ventional AMD: n.s. differences 
Number of reorientations: AMD < own/without AMD < 
Guido: n.s. differences 
Appearance: n/a 
Ease of use, usefulness, embarrassment: post-test < 
pre-test score: n.s. differences 
 
Hitachi walker 
Tamura et al., 2001 [41] 
n = 6 (F = n/a) 
Mean age (SD): 82 (7.9) yrs 
Subjects ambulatory with supervision 
(n = 4), subjects in need for walking 
assistance (n = 2) 
INTER: RR vs. caster 
vs. conventional 
walker; RR vs. paral-
lel bars 
PHY  10MWT: gait speed 
EMG: muscle activity of gastrocnemius 
Tri-axial accelerometer: trunk accelera-
tion 
Gait speed, trunk acceleration: RR < caster < conven-
tional walker #; RR > parallel bars # 
EMG signal: RR < caster < conventional walker #; RR 
vs. parallel bars not reported 
iWalker 
Kulyukin et al., 2008 [26] 
n = 4 (F = n/a) 
age: n/a 
Clients of in-home supportive service 
currently using cane and/or walker 
with history of way finding problems 
MMSE mean score (SD): 26 (3.6) 
 
INTRA: map-based vs. 
text-and-arrow-
based user-interface 
design of navigation 
system 
COG Dichotomous question: choice of user-
interface design 
Choice of user interface: 3 out of 4 subjects preferred 
map-based user interface design 
 
 i-Walker (EU) 
Annicchiarico, 2012 [39] 
n = 20 (F = 11) 
Mean age: 59.9 yrs 
Acute hemiparetic stroke patients 
(event < 1 yrs) receiving rehabilita-
tion treatment 
MMSE ≥20; CNS upper/lower limb > 
0 
IV (RCT): ambulatory 
training with RR(EG) 
vs. in parallel bars 
(CG); 4 weeks, 5x a 
week 
PHY POMA: total score 
6MWT: walking distance 
10MWT: gait speed 
Barthel ADL Index 
Within both groups, T1 vs. T2: 
POMA total score, walking distance, gait speed, 
Barthel ADL Index: ­ 
EG compared to CG, T1 vs. T2:  
POMA total score, gait speed, Barthel ADL Index: ­ 
Walking distance: n.s differences 
i-Walker (JP) 
Kikuchi et al., 2010 [38] 
n = 6 (F = 2) 
Mean age (SD): 88.7 (6.1) yrs 
Residents of elder care facility with 
wheelchair due to loss of vi-
sion/muscle strength who occasion-
ally train walking with forearm caster 
walker 
Chronic disease: stroke, dementia, 
muscle atrophy, high blood pres-
sure, heart failure, AD, cataract, PD 
INTRA: active vs. pas-
sive robot motion 
control system 
SENS Obstacle course: deviations from a path 
marked on the floor, number of colli-
sions 
Path deviations, number of collisions: active < passive 
motion control system # 
JARoW 
Lee et al., 2014 [40] 
n = 5 (F = 4) 
Age range: 75-84 yrs 
Subjects using traditional walkers in 
daily routine  
INTER: RR vs. con-
ventional AMD 
OA Self-designed questionnaire: ease of 
walking, safety, manoeuvrability (di-
chotomous items) 
Ease of walking: 3 out of 5 subjects felt it was easier to 
walk with RR, 2 subjects had no opinion 
Safety: all subjects felt safe during RR use 
Manoeuvrability: 4 subjects felt able to use the RR in 
more locations than their current AMD 
Nomad XR 4000 
Morris et al., 2003 [27] 
n = 4 (F = n/a) 
Age: n/a  
Residents of a retirement facility 
INTRA: active vs. pas-
sive navigation as-
sistance system vs. 
full robot motion con-
trol 
COGN Navigation trail: deviation from optimal 
path 
Path deviation: full robot motion control < active < pas-
sive navigation assistance # 
PAMM SmartWalker 
Yu et al., 2003 [25] 
Study A 
n = 8 (F = n/a) 
Age: n/a 
Elderly residents of assisted living fa-
cility with mobility aid 
OBS OA Self-designed questionnaire: ease of 
control, going straight, turning, heavi-
ness, support, satisfaction (1 = worst 
score, 5 = best score) 
Questionnaire items, mean (range):  
Ease of control: >3.5 (3-5), going straight: 3.5 (3-5), 
turning: >4 (2-5), heaviness: 3.5 (1-5), upport: 4 (2-
5), satisfaction: >3 (1-5) 
 Study B 
n = 8 (F = 5) 
Age range: 84-95 yrs 
Elderly residents of assisted living fa-
cility with need for walkers 
INTRA: full robot mo-
tion control vs. 
shared user-robot 
motion control vs. 
without any motion 
control 
COG 
SENS 
Walking path: deviation from optimal 
path, distance to wall 
Path deviation: full robot < shared user-robot < without 
motion control # 
Distance to wall: full robot ≈ shared user-robot > without 
motion control # 
RMP 
Grondin & Qinggou 
2013 [37] 
n = 10 (F = 5) 
Mean age (SD): 24.6 (3.0) 
Subjects without previous/ current 
gait-related injuries and without ex-
perience in using rollators or robotic 
walkers 
INTER, INTRA: previ-
ous vs. recent mo-
tion control system 
vs. conventional rol-
lator vs. without AMD  
PHY 
OA 
Walking with targeted velocity of 1 m/s 
on a circular path: mean/SD of RR ve-
locity 
Force/torque sensor
: 
pushing force  
Respirometry: COT, VO2 
Self-designed questionnaire: comfort, 
intuition, speed control, exertion, over-
all experience (0 = worst score, 5 = 
best score) 
Mean/SD of RR velocity: n.s. differences between mo-
tion controllers; all subjects achieved a very good 
speed control to the targeted speed of 1 m/s with both 
motion controllers  
Pushing force: recent > previous motion control * 
COT: conventional rollator > without AMD *, previous/re-
cent motion control > without AMD or conventional rol-
lator *, n.s. differences between both motion control-
lers 
VO2: RR > conventional rollator > no assistive device # 
 Comfort, intuition, speed control, exertion, overall expe-
rience: n.s. differences between both motion control-
lers; similar positive user experience for both motion 
controllers (for all items: score ≥4) 
robuWALKER 
Rumeau et al., 2012 [42] 
n = 8 (F = 5) 
Mean age (SD): 82.6 (8.7) yrs 
Healthy elderly (n = 4): 4MWT < 4s, 
TUG < 13s, MMSE score ≥ 26 
Elderly patients with motor & cogni-
tive impairment (n = 4): 4MWT > 4s, 
TUG > 13s, MMSE mean score 
(SD): 20 (3.5) 
All subjects without experience in us-
ing walking frames 
INTER: RR vs. con-
ventional walker 
PHY 
 
4MWT: gait speed 
Modified TUG: completion time 
Gait analysis by video recordings: step 
time, double support time 
4MWT, TUG: RR > conventional walker # 
Step time, double support time: RR > conventional 
walker # 
 
SIMBIOSIS Walker 
Frizera-Neto et al., 2011 
[16] 
n = 8 (F = n/a) 
Age: n/a 
Subjects with preserved cognitive 
functions 
Ability to (1) maintain standing posi-
tion, (2) walk 10 m without assis-
tance of another person and with or 
without support of a mobility aid, 
and (3) to grasp 
WISCI II mean score (SD): 15.9 (2.9) 
OBS OA Self-designed questionnaire: manoeu-
vrability, safety, posture & comfort (0 = 
worst score, 100 = best score) 
Questionnaire items, mean (SD):  
Manoeuvrability: 74 (18.8) 
Safety: 90 (7.9) 
Posture & comfort: 89 (7.9) 
- 
Chugo et al., 2009 [18] 
n = 7 (F = n/a) 
Age: ≥ 67 yrs 
People in need of long-term care at 
level I or II in Japanese Long-term 
Insurance System 
INTER, INTRA: STS 
transfer without as-
sistance vs. with pre-
vious/recent STS as-
sistance system 
PHY 
 
Self-designed questionnaire: ease of 
standing up, fear of falling (1= inferior, 
3 = same, 5 = better feeling compared 
to STS transfer without any assis-
tance) 
No assistance vs. previous STS assistance system: 
ease of standing up, mean: 4; fear of falling, mean: 3 
No assistance vs. recent STS assistance system: ease 
of standing up, mean: 4.5; fear of falling, mean: 4.5  
® subjects felt easier to stand up using recent STS as-
sistance system compared to the previous version or 
no assistance # 
 
Abbreviations: RR= robotic rollator; F = females; n/a = not available; PD = Parkinson’s disease; IV = interventional; PHY = physical; # = no statistical analysis 
given; INTER = inter-device comparative; AMD = assistive mobility device; SD = standard deviation; INTRA = intra-device comparative; OBS = observational; COG 
= cognitive; SENS = sensorial; OA = overall; BWS = body weight support; FBW = full body weight; EMG = electromyography; PPT = pre-post-test; n.s. = not 
significant; 10MWT = 10-Meter Walk Test; MMSE = Mini-Mental Status Examination; CNS = Canadian Neurological Scale; RCT = randomized controlled trial; EG 
= experimental group; CG = control group; POMA = Performance Oriented Mobility Assessment; 6MWT = 6-Min Walk Test; ADL = Activity of daily living; ­ = 
significant higher; AD = Alzheimer’s disease; COT = metabolic cost of transport, VO2 = oxygen consumption; * = significant (p < .05); 4MWT = 4-Meter Walk Test; 
TUG = Timed Up and Go; WISCI II = Walking Index for Spinal Cord Injury II; STS = sit-to-stand. 
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Figure 1. Flowchart of the study selection process and extraction of studies meeting the 
inclusion criteria. 
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ABSTRACT 
Background: Navigational skills decline with age and this decline is even more pronounced 
in cognitively impaired older adults. Navigation assistance is an emerging functionality of 
robotic rollators (RRs). The evidence on the effectiveness of RR-integrated navigation sys-
tems in potential end-users is, however, scarce. 
Objective: To determine whether RR-provided navigation assistance improves navigation 
within a real-life environment in the intended user group of frail older adults with and without 
cognitive impairment currently using a rollator in daily life. 
Methods: A randomized, between-subject, 2x2 factorial design was conducted to test the 
effects of navigation assistance and cognitive status on participants’ navigation perfor-
mance. Twenty cognitively impaired (CI: Mini-Mental State Examination [MMSE] 17-26) and 
22 not cognitively impaired (NCI: MMSE >26) older rollator users (age: 82.5 ± 8.7 years) 
were included. Participants were matched for cognitive status (CI vs. NCI) and randomized 
to one of two conditions: RR (1) with or (2) without activated navigation system. All partici-
pants had to complete a two-section navigation path with the RR in an unfamiliar, real-life 
environment. Participants with RR-assisted navigation were supported in wayfinding by di-
rectional audio cues of the RR-integrated navigation system. Participants without RR-as-
sisted navigation had to complete the sections by orienting themselves along conventional 
signposts. Outcomes were success rate, completion and stopping time, number of stops, 
walking distance, and gait speed.  
Results: The navigation assistance condition had no significant effect on the success rate 
in the CI, NCI or total group. We found significant interactions between navigation assis-
tance and cognitive status for both sections (p = 0.002-0.040), such that RR-assisted navi-
gation reduced the completion time (both sections), stopping time (section 1), and number 
of stops (section 2) in the CI (p ≤ 0.001-0.014) but not in the NCI group. On the more com-
plex section 2, RR-assisted navigation led to a reduced stopping time and walking distance 
in the total group (p = 0.014-0.016).  
Conclusion: The RR-integrated navigation system was effective for improving navigation 
within a real-life environment in potential end-users, especially in those with cognitive 
impairment. This is the first study to provide statistical evidence on the effectiveness of a 
RR-integrated navigation system in the intended user group. 
 
Keywords: Assistive technology, mobility aid, smart walker, navigation assistance, evalu-
ation, cognitive impairment, rehabilitation, human-robot interaction.   
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INTRODUCTION 
Recent advances in technology have enabled the development of a new class of intelligent 
assistive mobility devices by integrating robotic technology, electronics, and mechanics [1]. 
These so-called “smart walkers”, “robotic walkers”, or “robotic rollators” (RRs) are no longer 
limited to the primary task of conventional assistive mobility devices in terms of physical as-
sistance [2], but can provide assistance in additional functional domains (e.g., sensory and 
cognitive functions) that may restrict mobility in the elderly [3]. Apart from intelligent func-
tionali-ties that focus on gait or sit-to-stand (STS) assistance, partial body weight support, 
fall pre-vention, and/or obstacle avoidance, also navigation systems for cognitive assistance 
in spa-tial orientation and wayfinding in indoor environments are frequently implemented on 
RRs [4]. Navigation involves maintaining a sense of spatial orientation and localization that 
enables successful movement from one location in the environment to another, and can be 
supported by external representations such as maps, signposts, or linguistic descriptions 
[5]. Naviga-tional skills decline with age [6,7], and cognitive impairment, which has been 
shown to be common in geriatric patients of rehabilitation centers and acute care hospitals 
as well as in nursing homes residents (40-80%) [8-10], is associated with an even more 
pronounced de-cline in these skills [11,12]. In addition, deficits in spatial orientation and 
wayfinding within un-familiar and familiar environments are among the first symptoms of 
dementia [13,14]. As the loss of navigational skills can lead to reduced mobility, autonomy, 
and independence [15,16], promoting spatial orientation and wayfinding by smart function-
alities of a RR may therefore be highly beneficial to frail elderly with difficulty in navigation. 
Navigation assistance has been implemented on the RRs in different ways [4]. There are 
RRs that guide the user along a preplanned path towards a previously specified destination 
rather passively, providing solely route directions in the form of audio cues (e.g., “Please 
turn right”), visual instructions (e.g., direction arrow on a screen), and/or haptic signals (e.g., 
vi-brating handles/bracelets) while the user has full motion control over the direction of travel 
[17-19]. Other RRs provide navigation assistance (also) more actively, controlling to some 
extent the motion direction of the RR to assist the user in staying on the preplanned path; 
for example, by a RR-generated virtual force that guides the user back to the path when 
he/she deviates from it [20], by adjusting the steering angle of the front wheels towards the 
path to be followed [21,22], or by slowing down the velocity of the RR when the user devi-
ates to much from the preplanned path [23]. Independent of their technical implementation, 
the evidence gathered in evaluation studies on the effectiveness of such RR-integrated 
navigation assistance systems in the potential end-users is scarce. A systematic review on 
the evaluation of RRs from the user perspective reported that RR-provided navigation as-
sistance may have a positive impact on users’ navigational performance. There is, however, 
limited evidence on the added value of such high-tech functionality due to methodological 
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shortcomings related to non-specific user group definitions, inappropriate selection of study 
populations, insufficient sample descriptions and sample sizes, inadequate assessment 
methods and study out-comes, and lack of statistical analysis [24,25]. Based on these find-
ings, it was concluded that further studies with high methodological quality are needed to 
address these limitations and to obtain further evidence on the effectiveness of RR-inte-
grated, innovative functionalities in the potential user group [24]. 
 
METHODS 
Research Question  
The aim of the present study was to determine whether a navigation assistance system 
implemented on a RR can improve navigation within a real-life environment in the intended 
user group of frail older adults with and without cognitive impairment currently using a rol-
lator in daily life. We hypothesized that cognitively impaired (CI) users would benefit more 
from the RR-integrated navigation assistance system than not cognitively impaired (NCI) 
users. 
 
Intelligent Active Mobility Assistance Robot 
The RR used in this study was developed in the MOBOT project (Intelligent Active MObility 
Aid RoBOT integrating Multimodal Sensory Processing, Proactive Autonomy and Adaptive 
Interaction), which focused on developing robotic mobility aids for indoor environments that 
provides intelligent and active mobility assistance to elderly people, by supporting safe au-
tonomous proactive control of the physical user-robot interaction, and enabling multimodal 
sensory processing and natural human-robot communication. The MOBOT rollator-type 
mobility assistant (figure 1) integrates innovative functionalities such as STS assistance, 
obstacle detection and avoidance, indoor localization and navigation assistance, user fol-
lowing, gait tracking, and audio-gestural human-robot interaction into an overall context-
aware mobility assistance robot. A more detailed and comprehensive overview of the 
MOBOT rollator’s functionalities have been summarized previously [26]. As this study aimed 
to conduct an evaluation specifically tailored to the navigation assistance functionality of the 
MOBOT rollator, only this innovative assistance functionality was activated during test pro-
cedure and all others, which would have provided additional direct assistance to the partic-
ipants (e.g., obstacle avoidance, STS assistance), were deactivated. 
 
User Group Definition  
The intended users of the MOBOT rollator were elderly persons in institutionalized settings 
(e.g., in-patients of the geriatric rehabilitation wards or acute care hospitals, nursing home 
residents) (1) with moderate motor impairment and (2) with mild-to-moderate or without 
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cognitive impairment. The criteria for moderate motor impairment was defined as: (a) cur-
rent use of a rollator and/or very slow usual gait speed (without walking aid) of < 0.6 m/s in 
the 4-meter walk test (4MWT, [27]) and (b) unable to stand up unassisted from a chair with 
seat placed at individuals knee height and/or time required to complete a 5-chair stand test 
of ≥ 16.7 s [27]. Mild-to-moderate cognitive impairment was defined as a score of 17-26 on 
the Mini-Mental State Examination (MMSE, [28]), and no cognitive impairment was defined 
as a MMSE score of > 26. 
 
Navigation Assistance System 
The development and implementation of the intelligent functionalities of the MOBOT rollator 
were based on the Robot Operating System (ROS) [29], which can currently be regarded 
as the most popular software framework for robotic research and development. The ROS 
contains a large collection of open-source drivers, algorithms, tools, and libraries for the 
development of various robot tasks. For the navigation assistance module of the MOBOT 
rollator, the ROS navigation stack was adopted, which is extensively used by research 
teams around the globe for autonomous robot navigation in mobile robots (e.g., Care-O-
bot, TurtleBot, evarobot) [30]. ROS stacks are collections of algorithms and tools with a 
defined objective, in this case navigation. The ROS navigation stack has been successfully 
tested in real-life scenarios, navigating a mobile robot autonomously for 26.2 miles in a real 
office environment [31]. The task of navigation assistance of the MOBOT rollator comprises 
the following robot sub-tasks: map building, odometry, and localization. To enable these 
sub-tasks, the MOBOT rolla-tor was equipped with two high-precision quadrature optical 
encoders on the two rear driving wheels, a laser range finder (Hokuyo UTM-30LX) at the 
front of the MOBOT rollator facing towards the motion direction, and an inertial measure-
ment unit (IMU, XSensMTi-G-700 GPS/INS) mounted on the chassis of the MOBOT rollator. 
Using the openSLAM Gmapping library, which creates maps from unknown environments 
based on captured laser scan data, a static map of the indoor environment was built in ROS. 
Odometry was used to estimate the pose (i.e., position and orientation) of the MOBOT rol-
lator over time, relative to a starting position, by integrating the wheel rotation measure-
ments of the encoders attached to the rear wheels. The odometry package used the dead 
reckoning approach, where the current pose is estimated from the known previous pose 
and relative measured displacements from the previous pose [32]. The position and orien-
tation changes given in a known time period be-tween successive measurements can be 
also expressed as the velocity of the MOBOT rollator. Odometric pose estimation is a well-
established technique in mobile robots, providing good short-term accuracy. However, the 
integration of incremental motion information over time leads inevitably to the accumulation 
of errors, due to, for instance, wheel slippage. This accumulation may cause large pose 
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estimation errors which increase proportionally with the distance travelled by the robot [33]. 
To mitigate this problem, a fusion algorithm was used that merged the robot linear velocity 
calculated from the encoder data with the robot angular velocity calculated from the gyro-
scopic data of the IMU, providing a more reliable and robust pose estimation [34]. Localiza-
tion refers to estimating the position of the MOBOT rollator on the created map. This was 
achieved through the Adaptive Monte Carlo Localization, which is an established technique 
for probabilistic mobile robot localization in 2D maps based on particle filtering [35]. As part 
of the ROS navigation stack, there is a direct implementation of this method in ROS which 
provides an estimate of the robot’s pose by fusing information from the laser range finder 
and the odometry. 
The navigation assistance system provides prespecified auditory localization information 
and navigation instructions to the user while he/she has full motion control over the MOBOT 
rollator. The system assumes a known map with a set of predefined guard points that have 
audio cues associated with them. Each guard point comprises two states: in and out. The 
transition to the “in” state is made when the MOBOT rollator enters a circular area of pre-
defined radius centered at the guard point, while the transition to the “out” state is made 
when the MOBOT rollator exits this area. On entry into the predefined area, a precise di-
rectional audio cue is provided that aims to guide the user safely and on a direct route to a 
prespecified destination. Each audio cue of a guard point is repeated every 3 seconds until 
the user leaves the predefined area of the specific guard point. The guard points are treated 
as a directed path, i.e. when the MOBOT rollator exits a guard point, this point and its as-
sociated audio cue are dis-carded and only subsequent guard points are further considered. 
Using the localization algorithm described above, the position of the MOBOT rollator on the 
map is estimated continuously, and according to its position, the appropriate guard point 
with its specific audio cue is triggered. 
 
Study Design  
The study was designed as a randomized, between-subject, 2x2 factorial experiment with 
navigation assistance condition (MOBOT-assisted vs. MOBOT-unassisted navigation) and 
cognitive status (cognitively impaired, CI vs. not cognitively impaired, NCI) as independent 
variables, and navigation performance as the dependent variable. The ethics committee of 
the Medical Department of the University of Heidelberg approved the study in accordance 
with the Declaration of Helsinki. Written informed consent was obtained from all participants 
prior to study inclusion. 
 
 
 
132   Manuskript III 
Study Population  
According to the predefined user group of the MOBOT rollator, study participants were pre-
dominantly recruited from rehabilitation and acute care wards of a geriatric hospital and 
from nursing homes. We also screened members of hospital-associated sports club for ger-
iatric rehabilitation, which includes former in-patients of the geriatric rehabilitation wards, 
now taking part in outpatient physical rehabilitation. Two groups of participants were re-
cruited: people currently using a rollator (1) with mild-to-moderate cognitive impairment 
(MMSE 17-26), and (2) without cognitive impairment (MMSE > 26). Further inclusion criteria 
were: ≥ 65 years; ability to perform the navigation task of the study, to understand study 
instructions, to hear the audio cues provided by the navigation system, and to see signposts; 
unfamiliar with the test environment; no severe neurologic, cardiovascular, metabolic, or 
psychiatric disorders; residence within 15 kilometers of the study center; and written in-
formed consent. The participants enrolled in the study were matched for cognitive status 
(cognitively impaired vs. not cognitively impaired) and randomly allocated to one of two 
conditions: (1) with or (2) without MOBOT-assisted navigation.  
 
Descriptive Measures 
Demographic and clinical characteristics including age, gender, falls in the previous year, 
and social status (community-dwelling vs. institutionalized) were documented from patient 
charts or by standardized interview-administered assessment. A trained interviewer as-
sessed psychological status for depression (Geriatric Depression Scale, GDS, 15 item ver-
sion, [36]) and fear of falling (Short Falls Efficacy Scale-International, Short-FES-I, [37]). 
Motor performance was measured by the Performance Oriented Mobility Assessment 
(POMA) [38] and the 4MWT [27]. 
 
Measures of Navigation Performance 
Test Environment and Procedure 
A navigation path within a standardized real-life test environment was designed at the 
ground floor of a geriatric hospital. The path had a total length of about 100 meters, subdi-
vided into two sections with different levels of difficulty (figure 2). The shorter and rather 
less complex section 1 led from the starting position in front of the elevator within the acute 
care clinic, along a hallway, through the main entrance hall, past at the elevator within the 
medical center, to the hospital chapel, defined as the interim destination (shortest distance 
≈ 45 m). The longer and a bit more complex section 2 included more junctions and critical 
waypoints and led from the hospital chapel, back through the main entrance and along the 
hallway, right into another hallway, to the reception area of the hospital’s admission center, 
defined as the final destination (shortest distance ≈ 55 m). 
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The test procedure was conducted according to a standardized written test protocol. The 
two sections of the path were performed one by one, with a recovery break of few minutes 
between the sections. Directly prior to each section, a test administrator informed the par-
ticipants about the respective destination to be reached for section 1 (chapel) and section 
2 (admission center). For both sections, the participants were instructed to navigate to the 
destination by taking the most direct route possible for them. The test administrator also 
stated that the prespecified destination is located at the ground floor of the hospital and that 
there are no closed doors to be opened on the path in order to reach the destination. No 
instruction was given on the speed of walking. Both sections could be performed at self-
selected walking pace.  
The destination to be reached for section 1 and section 2 were stated separately to the 
participants by a test administrator directly prior to each section. 
Participants allocated to the condition with MOBOT-assisted navigation were supported 
in wayfinding by the audio cues (table 1) provided by the navigation system when entering 
the predefined guard points on each section of the navigation path (figure 3). The prespec-
ified audio cues included direct navigation instructions that were kept as short as possible 
while still providing sufficient and precise information on the route to be taken to successfully 
reach the destinations. At some critical waypoints with several junctions (e.g., in the en-
trance hall), also contextual information on the environment (e.g., “walk towards the eleva-
tor”) was included to make the audio cues even more precisely and unambiguously. The 
navigation system was pre-configured and activated by the test administrator. The partici-
pants with MOBOT-assisted navigation were instructed to walk to the destinations only by 
listening and following the directional audio cues given by the system. In contrast, in the 
condition without MOBOT-assisted navigation, the navigation system was inactive, such 
that no directional audio cues were provided to the participants. They were asked to reach 
the destinations as directly as possible by orienting themselves solely by the signposts fixed 
at the walls and ceilings of the hospital (figure 2). Asking other people (e.g., test adminis-
trator, receptionist in the entrance hall, hospital staff) for help in wayfinding was not allowed 
in both conditions.  
All participants were continuously supervised by the test administrator during both sec-
tions to ensure participants’ safety and to have the opportunity to intervene in critical or 
unexpected situations as quickly as possible. The navigation trial for each section was con-
tinued as long as the participants were motivated to search for the destination and was only 
stopped in cases they gave up their searching efforts, despite repeated encouragement by 
the test administrator. Each participant had only one trial for each section to exclude learn-
ing effects.  
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Outcome Parameters 
In a first step, the test administrator recorded whether (or not) the participant successfully 
reached the destination of each section (i.e. success rate). In a second step, for all partici-
pants that successfully completed the sections, more qualitative, sensor-based outcome 
parameters specifically tailored to the participant’s navigation performance were extracted 
from the odometric and localization information that had been recorded by the ROS soft-
ware infrastructure of the MOBOT rollator during the experiments. For each of the two sec-
tions and for each participant, the sensor-based outcome parameters were calculated from 
the starting position, defined as when the MOBOT rollator first exited the first guard point 
(tstart), to the end position, defined as when the MOBOT rollator first entered the last guard 
point of the section (tend). Following sensor-based outcomes were calculated: 
• Completing time [s]: Time interval from the starting position to the end position (tend – 
tstart). 
• Stopping time [s]: Sum of the length of the time periods in which the velocity of the 
MOBOT rollator was < 0.1 m/s for a duration of at least 1 s. 
• Number of stops: Number of the time intervals in which the velocity of the MOBOT 
rollator was < 0.1 m/s for a duration of at least 1 s. 
• Walking distance [m]: Geometric length of the trajectory travelled by the MOBOT 
rollator from the starting position to the end position. 
• Gait speed [m/s]: Mean velocity of the MOBOT rollator, calculated as the walking 
distance divided by the walking time. Walking time was defined as the sum of the 
length of time periods in which the velocity of the MOBOT rollator was ≥ 0.1 m/s. 
 
Statistical Analysis  
Descriptive data were presented as frequencies and percentages for categorical variables, 
and means and standard deviations (SD) or medians and ranges for continuous variables 
as appropriate. According to the distribution of the data, unpaired t-tests, Mann-Whitney U-
tests, and Chi-square tests, and Fisher’ exact tests were used for comparison between the 
groups with and without MOBOT-assisted navigation. Fisher’s exact tests were also calcu-
lated to analyze the success rate for completing the two sections of the navigation path with 
or without MOBOT-assisted navigation in the CI group, the NCI group, and the total sample. 
For the sensor-based outcomes, 2-way analyses of variance (2x2 ANOVAs) were per-
formed (1) to examine the interaction of the navigation assistance condition (MOBOT-as-
sisted vs. MOBOT-unassisted navigation) and cognitive status (CI vs. NCI) and (2) to ex-
amine the main effect of the navigation assistance condition in the total sample. Post-hoc t-
tests with Bonferroni adjustment for multiple pairwise comparisons were performed if a sig-
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nificant interaction effect was obtained. A 2-sided p-value of < 0.05 indicated statistical sig-
nificance. Effect sizes were calculated as partial eta squared (ηp
2) and were interpreted as 
small (ηp
2 < 0.06), medium (0.06 ≥ ηp
2 < 0.14), or large effects (ηp
2 ≥ 0.14). The statistical 
analysis was performed using IBM SPSS Statistics for Windows, Version 23.0 (IBM Corp., 
Armonk, NY, USA). 
 
RESULTS 
Participant Characteristics 
The study sample included 42 frail older rollator users with mild-to-moderate or without cog-
nitive impairment, who were all in-patients of geriatric rehabilitation or acute care wards 
(16.7%), nursing home residents (42.9%), or former geriatric in-patients now being mem-
bers of the outpatient rehabilitation sports club (40.4%). Participants’ mean age was 82.5 ± 
8.7 years and the mean MMSE score was 25.9 ± 3.6 points. About half of the participants 
(n = 20, 47.6%) met criteria for cognitive impairment (MMSE ≤ 26). The habitual gait speed 
averaged 0.56 ± 0.22 m/s and the POMA score averaged 19.2 ± 5.9 points, indicating low 
motor performance, frailty, and increased risk of falling [38,39]. Five (11.9%) participants 
showed depressive symptoms (GDS score ≥ 5) [36]. Fear of falling was low (Short-FES-I = 
7-8 points) in 15 (35.7%), moderate (Short-FES-I = 9-14 points) in 18 (42.9%), and high 
(Short-FES-I = 14-28 points) in nine participants (21.4%) [40]. More than the half (n = 26, 
61.9%) reported one or more falls in the previous year. Twenty-two participants (52.4%) 
were living independently at home, partly with supportive care; 20 (47.6%) were institution-
alized. 
The subgroups of the participants with and without MOBOT-assisted navigation did not 
differ significantly in age, cognitive status, motor performance, history of falls, fear of falling, 
depressive symptoms, living situation, and place of recruitment (table 2; p = 0.204-0.999). 
The participants with MOBOT-assisted navigation comprised more females than those with-
out MOBOT-assisted navigation (81.2% vs. 50.0%; p = 0.029); however, there were no 
gender differences for any outcomes of the navigation path between females and males in 
the MOBOT-assisted navigation condition (p = 0.294-0.823). 
No clinical critical events (e.g., falls) occurred during testing, and no participant rejected 
the challenges of the test session. For one participant in the condition with MOBOT-assisted 
navigation, the navigation system broke down on section 2 of the navigation path (hospital 
chapel to admission center) due to technical problems and the test session had to be can-
celled, which reduced the sample size for that section.  
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Navigation Performance 
Section 1 
Except for one participant in the MOBOT-unassisted and two in the MOBOT-assisted nav-
igation condition, all participants successfully completed the first section of the navigation 
path (table 3). No significant associations were found between the success rate and the 
navigation assistance condition, neither in the CI or NCI group nor in the total sample (p > 
0.999).  
For the completion and stopping time, a significant interaction between navigation assis-
tance and cognitive status was found (p = 0.002-0.040), with medium to large effect sizes 
(ηp
2 = 0.115-0.235) (table 4). The Bonferroni-adjusted post-hoc analysis of simple main ef-
fects revealed that in the MOBOT-unassisted condition, the CI group had a significantly 
longer completion and stopping time compared to the NCI group (p < 0.001-0.003) but not 
in the MOBOT-assisted condition (p = 0.836-0.866), and that in the CI group, these times 
were significantly shorter with MOBOT-assisted navigation than that without it (p = 0.003-
0.014). In the NCI group, however, MOBOT-assisted navigation had no significant effect on 
the completion time (p = 0.165). No significant interaction between the independent varia-
bles (p = 0.072-0.125; ηp
2 = 0.066-0.089), nor a significant main effect of the navigation 
assistance (p = 0.117-0.909; ηp
2 < 0.001-0.069) on the number of stops, walking distance, 
and gait speed was found.  
 
Section 2 
The second section of the navigation path also was successfully completed by almost all 
participants. Only two participants in the MOBOT-unassisted and one in the MOBOT-as-
sisted navigation condition were not able to reach the desired destination (table 3). There 
were no significant associations between the success rate and the navigation assistance 
condition, neither in the CI or NCI group nor in the total sample (p = 0.474-0.999). 
A significant interaction effect between navigation assistance and cognitive status were 
observed for the completion time and the number of stops (p = 0.011-0.015). Effect sizes 
for these outcomes were between medium and large (ηp
2 = 0.165-0.180) (table 4). Post-hoc 
analysis showed that in the MOBOT-unassisted condition, the CI group had a significantly 
longer completion time and higher number of stops compared to the NCI group (p ≤ 0.001) 
but not in the MOBOT-assisted condition (p = 0.691-0.809), and that MOBOT-assisted nav-
igation led to a shorter completion time and to a reduced number of stops in the CI group 
(p ≤ 0.001) but not in the NCI group (p = 0.422-0.925). For stopping time, walking distance, 
and gait speed, no significant interactions between independent variables were identified 
(p = 0.112-0.419; ηp
2 = 0.020-0.075); however, there was a significant main effect of navi-
gation assistance on the stopping time (p = 0.016, ηp
2 = 0.162) and walking distance (p = 
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0.014, ηp
2 = 0.171), such that participants assigned into the MOBOT-assisted navigation 
condition showed a shorter stopping time and walking distance compared to the MOBOT-
unassisted navigation condition. No significant main effect of navigation assistance was 
found on participants’ gait speed (p = 0.203, ηp
2 = 0.049). 
 
DISCUSSION 
In the presented study, a special focus was placed on the design and the methodology to 
prevent the methodological shortcomings of previous studies on the user-evaluation of RRs 
[24,25]. A specific impairment-related user group definition was provided that was based on 
standardized clinical observation and/or established, standardized and validated 
assessment methods; a reasonable number of adequate participants were recruited, 
representative of potential end-users of the MOBOT rollator; an "intra-device" comparative 
study design (i.e., activated vs. inactivated navigation system within the same RR) and an 
assessment strategy specifically tailored to the navigation functionality of the MOBOT 
rollator with highly specific outcome measures was used to document the specific effect of 
the navigation system, and the data obtained were analyzed by statistical methods. 
Almost all participants were able to reach the destinations of the navigation path, 
independent of the navigation assistance provided by the RR or their cognitive status. On 
both sections at least 90% of the participants were able to reach the specified destination, 
indicating a ceiling effect for the outcome parameter of success rate. The reason for this 
can be found in the design of the navigation path. The path included two freely-accessible 
(i.e., no closed doors to be open to reach the destinations), not too long (≈ 45 to 55 m) 
sections within a closed environment (i.e. ground floor of the hospital) to increase the 
likelihood that participants reach the destinations if they are just persistent enough in their 
searching efforts. As the more specific, qualitative sensor-based outcomes parameters, 
which have been suggested to be most appropriate for demonstrating the added value of 
high-tech functionalities of RRs [24], could only be calculated in a standardized manner for 
participants successfully completing a section, we designed such a path on purpose in order 
to minimize the number of dropouts (e.g., due to frustration caused by ongoing 
disorientation) and to maintain an adequate sample size for these outcomes. 
On the less challenging section 1, the navigation assistance provided by the MOBOT 
rollator enabled the CI participants to complete the section significantly faster than without 
MOBOT-provided navigation assistance. The highly specific and tailored outcome 
parameters captured by the RR-integrated sensing technology allow for a more detailed 
and qualitative insight on why the CI participants with activated navigation system were able 
to complete this section faster, although the participants were not instructed to walk as fast 
as possible (no testing-the-limits approach). MOBOT-assisted navigation in the CI group 
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was not associated with fewer stops, shorter walking distances, or higher gait speeds on 
section 1. The shorter completion time on this section was based rather on the significant 
shorter length of the time periods in which the CI participants substantially slowed down the 
RR. As this stopping time might be highly related to a participant’s disorientation and attempt 
to (re-)orient his/herself in the environment, this result suggests that navigation assistance 
provided by a RR can effectively reduce such time periods in CI users. On section 1, no 
positive effects of the MOBOT’s navigation system were found in the NCI participants, 
indicating that they were still able to orient themselves adequately in less challenging 
navigation tasks within unknown environments by the conventional signage. 
Section 2 of the navigation path was a bit longer and included more junctions than 
section 1 (figure 2) and, therefore, seemed to be more challenging for participants to 
complete, as indicated by the smaller success rate, longer completion time, higher number 
of stops, and larger walking distance observed for this section when compared to section 
1. On this more complex section, positive effects of the MOBOT’s navigation system was 
most notably found also in the CI group. The navigation system enabled CI participants to 
complete section 2 faster and with a substantially smaller number of stops, indicating that 
the directional audio cues provided by the navigation system at critical waypoints led to less 
interrupted and smoother walking routes in CI users on this section. As more interrupted 
walking patterns were reported to be associated with a higher risk of falling in cognitively 
impaired people [41], the navigation assistance provided by a RR might contribute to 
increase safety during wayfinding of CI users in unknown indoor environments. On section 
2, positive effects of the MOBOT-provided navigation assistance were observed not only in 
the CI group but also among the total sample that was MOBOT-assisted in navigation. 
Independent of their cognitive status, the participants completing this section with 
assistance of the navigation system showed shorter time periods in which the RR was 
slowed down and they were able to complete the section on a more direct and shorter 
walking route. The results for section 2 suggest that in more complex navigation tasks not 
only frail older rollator users with cognitive impairment can benefit from RR-provided 
navigation assistance but also those without cognitive impairment. In frail older rollator 
users, providing audio cues by a RR-integrated navigation system seem to be more 
effective for navigation assistance within complex unknown environments than providing 
visual cues in terms of conventional signposts, reducing the time required for orientation 
(i.e., decreased stopping time) and enhancing the wayfinding accuracy (i.e., decreased 
walking distance). A similar effect of RR-provided navigation assistance on the walking 
distance in the user group has been suggested in a previous study [42], which reported a 
shorter walking distance on a navigation path with the RR compared to that with a 
conventional walker. This finding of the study was, however, solely based on a use case 
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description without statistical analysis of data [42].  
Overall, the positive effect of the MOBOT-integrated navigation system on the study 
outcomes were most frequently observed only in the CI group, which confirms our 
hypothesis that CI users would profit more from such navigation assistance than NCI users. 
This positive effect in the CI group might be explained by the reduced cognitive load induced 
by the system. Completing the sections of the navigation path involved the simultaneous 
performance (“walking while navigating”) of a motor task (i.e., walking with the RR) and an 
attention-demanding, cognitive task (i.e., orientation and wayfinding). Cognitively impaired 
older people have been reported to show lower motor and cognitive performances under 
such “dual-task” conditions [43,44]. Our results presented for the MOBOT-unassisted 
navigation condition showed similar effects of cognitive impairment on participants’ 
navigation performance, as indicated by the significant longer completion times (both 
sections), the longer stopping time (section 1), and the higher number of stops (section 2) 
in the CI group compared to the NCI group under this condition. The detrimental effect of 
cognitive impairment on the navigation performance was, however, not observed for the 
participants that completed the sections under the MOBOT-assisted navigation condition. 
No positive effect of the navigation system was found on the gait speed during the pure 
walking episodes which would have presented a rather unspecific effect of the cognitive 
assistance provided by the navigation system on participants’ motor performance. However, 
the more cognitive performances of the CI participants during completing the sections, 
which might be represented particularly by the number of stops and the stopping time (e.g., 
due to disorientation and wayfinding problems), have been substantially improved by the 
navigation system to a level even comparable to that of NCI participants, indicating that the 
navigation system seem to have compensated for the cognitive deficits in the CI group. 
Navigation assistance integrated on a rollator may have the potential to reduce the 
burden of the staff in healthcare facilities. Accompanying rollator users with difficulty in 
navigation within geriatric rehabilitation centers, acute care hospital, or nursing homes to 
medical, therapeutic, social, and cosmetic activities (e.g., medical appointment, 
physiotherapy treatments, worship, hair dressing appointment), or repetitively during the 
day to the dining facilities, represents a time-consuming task that often requires human 
guidance assistance by staff. An RR that effectively provides navigation assistance can take 
over this task in order to enable the staff to focus and spent more time on higher-priority 
tasks in health care. Additionally, such navigation assistance might reduce the users with 
fear of getting lost and of not returning back to their rehabilitation ward, residential unit, or 
personal room without guidance assistance, which may have prevented them from being 
more physically and socially active, and thus may enhance independence in mobility, 
physical activity, and social participation. 
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LIMITATIONS AND FUTURE RESEARCH 
Although our sample size was much larger than that of previous studies on the evaluation 
of RR-integrated, high-tech functionalities [25], it is rather small for our study design, thus 
limiting the statistical power to detect significant effects and the study’s generalizability. 
However, significant effects as documented in this study, associated with large effect sizes, 
indicate a high effectiveness of the MOBOT-integrated navigation system in frail older users 
with cognitive impairment. 
The low difficulty of the navigation path may have caused a ceiling effect on the success 
rate in the total sample and also on the sensor-based outcomes in the NCI group. This may 
have limited the impact of the navigation system on the ability to complete the sections in 
the total sample and also on the navigation performance in the NCI group. The rather low-
complex design of the sections, however, reduced the number of dropouts in the already 
small sample for the more qualitative, sensor-based outcomes, which allowed for a more 
detailed and qualitative insight on how the navigation system assists and improves partici-
pants’ navigation performance. 
The criteria for moderate motor impairment in the user group definition actually also ad-
dressed the STS ability of the potential users. The MOBOT consortium defined this criterion 
because also a STS assistance functionality was implemented on the MOBOT rollator to 
support users with difficulty in the STS transfer. The special focus of the presented study 
was, however, to conduct an evaluation specifically tailored to document the specific effects 
of the MOBOT-integrated navigation system. For this, all other high-tech assistance func-
tionalities, including the STS assistance, were deactivated during the test procedure. As-
suming that the navigation system might also provide an added value to rollator users with-
out need for STS assistance, the STS criterion in the user group definition was therefore 
not considered for the recruitment of our study participants. 
A learning effect on the navigation path from section 1 to section 2 cannot be excluded. 
However, as the destination to be reached for section 2 was provided to the participants not 
before completing section 1, it seems unlikely to us that the participants have memorized 
crucial route information about section 2 already during section 1. In addition, this potential 
learning effect should have been balanced across the groups with and without MOBOT-
assisted navigation. 
We only used the MMSE for the assessment of the cognitive status. Although the MMSE 
is the most commonly used brief cognitive screening instrument in clinical practice [45], it 
has shown shortcomings in its ability to discriminate between CI and NCI subjects in some 
populations (for review see [46]). A more comprehensive neuropsychological test battery 
would improve the accuracy in detecting CI and NCI subjects in future studies.  
It remains a future research question whether different types of audio cues (e.g., with 
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[“turn right towards the elevator”] or without contextual information [“turn right”]) have differ-
ent effects on the navigation performance of specific users. Future studies may compare 
different types of audio cues in different user groups (e.g., CI and NCI users) to identify 
which type of audio cues is most effective for which type of specific user. 
 
CONCLUSION 
The presented study clearly demonstrated that navigation assistance provided by a RR is 
effective for supporting wayfinding and navigation of CI end-users within a real-life 
environment. To the best of our knowledge, this is the first study that provides statistical 
evidence on the effectiveness of a RR-integrated navigation system in the intended user 
group of a RR. 
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Table 1. Audio cues provided by the MOBOT navigation system on section 1 and 2 of the 
navigation path 
Section 1: Starting position to hospital chapel  Section 2: Hospital chapel to admission center 
Guard  
point 
Audio cue  
Guard  
point 
Audio cue 
1.0 
“Walk straight ahead along the 
corridor.”  2.0 
“Leave the chapel.” 
1.1 “Keep straight on.”  2.1 
“Turn right and walk into the entrance 
hall.” 
1.2 
 
“Keep straight on.” 
 
 
2.2 
 
“Turn diagonally to the right and walk to 
the end of the entrance hall.” 
1.3 
 
“Turn diagonally to the right and walk 
through the entrance hall.” 
 
2.3 
 
“Turn left and walk straight ahead along 
the corridor.” 
1.4 
“Turn left and walk towards the eleva-
tor.” 
 2.4 “Turn right and walk straight ahead.” 
1.5 
 
“Turn left in front of the elevator and 
walk into the chapel.” 
 
2.5 
 
“Keep straight on.” 
 
1.6 “You have reached your destination.”  2.6 “You have reached your destination.” 
 
 
Table 2. Participants’ characteristics for the group with and without MOBOT-assisted navi-
gation 
Variables 
MOBOT-unassisted  
navigation (n = 20) 
MOBOT-assisted  
navigation (n = 22) 
p-value 
Age, years, mean ± SDa 80.7 ± 9.5 84.1 ± 7.7 0.204 
Gender, female, n (%)b 10 (50.0) 18 (81.2) 0.029 
MMSE, score, mean ± SDa 25.9 ± 3.3 25.9 ± 4.0 0.958 
Habitual gait speedc, m/s, mean ± SDa 0.60 ± 0.21 0.54 ± 0.22 0.381 
POMA, score, mean ± SDa 18.9 ± 5.6 19.5 ± 6.4 0.766 
Recent history of falls, n (%)b 11 (55.0) 14 (63.6) 0.707 
Short-FES-I, score, median (range)d 10.0 (7-17) 9.5 (7-20) 0.731 
GDS, score, median (range)d 1.5 (0-9) 2.0 (0-11) 0.912 
Living situation, n (%)b   0.768 
Community-dwelling 10 (45.5)  12 (54.5)  
Institutionalized 10 (50.0) 10 (50.0)  
Place of recruitment, n (%)e   > 0.999 
Rehabilitation/acute care wards 3 (42.9) 4 (57.1)  
Nursing home 9 (50.0) 9 (50.0)  
Outpatient rehabilitation sports club  8 (47.6) 9 (52.4)  
MMSE, Mini-Mental State Examination; cassessed by the 4-meter walk test; POMA, Performance Oriented Mo-
bility Assessment; Short-FES-I, Short Falls Efficacy Scale-International; GDS, Geriatric Depression Scale (15-
item version); p-values are given for t-testsa, Chi-square testsb, Mann-Whitney U-testsd, and Fisher’s exact teste 
applied to test for differences between the MOBOT-assisted and unassisted condition.   
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Table 3. Success rate for section 1 and 2 of the navigation path  
 Navigation 
 path 
Cognitive 
Status 
Success rate, n (%) 
 
MOBOT-unassisted  
navigation 
MOBOT-assisted  
navigation 
p-value
a
 
Section 1 CI (n=20) Yes 9 (90.0) 9 (90.0) > 0.999 
  No 1 (10.0) 1 (10.0)  
 NCI (n=22) Yes 10 (100.0) 11 (91.7) > 0.999 
  No 0 (0.0) 1 (8.3)  
 Total (n=42) Yes 19 (95.0) 20 (90.9) > 0.999 
  No 1 (5.0) 2 (9.1)  
Section 2 CI (n=20) Yes 8 (80.0) 10 (100.0) 0.474 
  No 2 (20.0) 0 (0.0)  
 NCI (n=21) Yes 10 (100.0) 10 (90.9) > 0.999 
  No 0 (0.0) 1 (9.1)  
 Total (n=41) Yes 18 (90.0) 20 (95.2) 0.606 
  No 2 (10.0) 1 (4.7)  
a
p-value for Fisher’s exact test.  
 
 
Table 4. Effects of the navigation assistance condition and cognitive status on sensor-
based outcome parameters of section 1 and 2 
 Variables 
MOBOT-unassisted 
navigation 
 
MOBOT-assisted 
navigation 
 
 
  
n Mean  ± SD  n Mean  ± SD  Differencea p-value Effect size 
Section 1 
Completion time, s        0.185b 0.050c 
CI 9 139.9 ± 60.6  9 84.1 ± 28.1  -55.8 0.002d 0.235e 
NCI 10 63.7 ± 9.9  11 86.9 ± 35.7  +23.2   
Stopping time, s        0.107b 0.072c 
CI 9 10.4 ± 12.3  9 2.4 ± 5.1  -8.0 0.040d 0.115e 
NCI 10 0.7 ± 1.5  11 1.7 ± 3.0  +1.0   
Number of stops, n        0.286b 0.033c 
CI 9 2.2 ± 2.4  9 0.9 ± 1.8  -1.3 0.125d 0.066e 
NCI 10 0.3 ± 0.7  11 0.6 ± 0.9  +0.3   
Walking distance, m        0.117b 0.069c 
CI 9 84.1 ± 28.1  9 55.3 ± 19.8  -28.8 0.072d 0.089e 
NCI 10 43.7 ± 0.5  11 44.4 ± 0.6  +0.7   
Gait speed, m/s        0.909b <0.001c 
CI 9 0.47 ± 0.17  9 0.57 ± 0.11  +0.10 0.104d 0.074e 
NCI 10 0.70 ± 0.11  11 0.61 ± 0.27  -0.09   
Section 2 
Completion time, s        0.011b 0.180c 
CI 8 225.9 ± 134.5  10 104.9 ± 28.1  -121.0 0.015d 0.165e 
NCI 9 100.3 ± 28.5  10 97.2 ± 39.1  -3.1   
Stopping time, s        0.016b 0.162c 
CI 8 26.7 ± 34.6  10 4.0 ± 6.7  -22.7 0.112d 0.075e 
NCI 9 4.9 ± 6.1  10 0.0 ± 0.0  -4.9   
Number of stops, n        0.001b 0.307c 
CI 8 10.4 ± 9.3  10 0.8 ± 1.3  -9.6 0.011d 0.180e 
NCI 9 1.7 ± 2.1  10 0.0 ± 0.0  -1.7   
Walking distance, m        0.014b 0.171c 
CI 8 69.8 ± 20.9  10 55.9 ± 4.3  -13.9 0.221d 0.045e 
NCI 9 59.3 ± 9.3  10 54.4 ± 1.0  -4.9   
Gait speed, m/s        0.203b 0.049c 
CI 8 0.46 ± 0.18  10 0.59 ± 0.14  +0.13 0.419d 0.020e 
NCI 9 0.63 ± 0.07  10 0.67 ± 0.30  +0.03   
aDifference is calculated as: (assisted score - unassisted score); bp-value for effect of navigation assistance; 
cEffect size ηp
2 for effect of navigation assistance; dp-value for interaction effect between navigation assistance 
and cognitive status; eEffect size ηp
2 for interaction effect between navigation assistance and cognitive status. 
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Fig. 1. The MOBOT rollator-type mobility assistant 
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Fig. 2. Layout of the navigation path at the ground floor of the hospital.  
The gray area visualizes the test environment. The dashed dark-gray line indicates the route 
from the starting position to the hospital chapel (section 1); the dashed white line indicates 
the route from the hospital chapel to the admission center (section 2). Dark-gray squares 
represent signposts to the hospital chapel; white squares represent signposts to the admis-
sion center.  
 
 
Fig. 3. Position of the guard points on the navigation path. 
Dark-gray circles represent the guard points for section 1 (starting position to chapel); white 
circles represent the guard points for section 2 (hospital chapel to admission center). The 
size of the circles indicates the area in which the audio cues were provided. 
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Abstract
Objective: To assess the concurrent validity of a smart walker–integrated gait analysis system with the 
GAITRite® system for measuring spatiotemporal gait parameters in potential users of the smart walker.
Design: Criterion standard validation study.
Setting: Research laboratory in a geriatric hospital.
Participants: Twenty-five older adults (⩾65 years) with gait impairments (habitual rollator use and/or 
gait speed <0.6 m/s) and no severe cognitive impairment (Mini-Mental State Examination ⩾17).
Main measures: Stride, swing and stance time; stride length; and gait speed were simultaneously recorded 
using the smart walker–integrated gait analysis system and the GAITRite system while participants walked 
along a 7.8-m walkway with the smart walker. Concurrent criterion-related validity was assessed using 
the Bland–Altman method, percentage errors (acceptable if <30%), and intraclass correlation coefficients 
for consistency (ICC3,1) and absolute agreement (ICC2,1).
Results: Bias for stride, swing and stance time ranged from −0.04 to 0.04 seconds, with acceptable 
percentage errors (8.7%–23.0%). Stride length and gait speed showed higher bias (meanbias (SD) = 0.20 
(0.11) m; 0.19 (0.13) m/s) and not acceptable percentage errors (31.3%–42.3%). Limits of agreement were 
considerably narrower for temporal than for spatial-related gait parameters. All gait parameters showed 
good-to-excellent consistency (ICC3,1 = 0.72–0.97). Absolute agreement was good-to-excellent for 
temporal (ICC2,1 = 0.72–0.97) but only poor-to-fair for spatial-related gait parameters (ICC2,1 = 0.37–0.52).
Conclusion: The smart walker–integrated gait analysis system has good concurrent validity with the 
GAITRite system for measuring temporal but not spatial-related gait parameters in potential end-users 
1 Centre for Geriatric Medicine, Heidelberg University, 
Heidelberg, Germany
2 Agaplesion Bethanien Hospital Heidelberg, Geriatric Centre 
at the Heidelberg University, Heidelberg, Germany
3 School of Electrical and Computer Engineering, National 
Technical University of Athens, Athens, Greece
Corresponding author:
Christian Werner, Agaplesion Bethanien Hospital Heidelberg, 
Geriatric Centre at the Heidelberg University, Rohrbacher 
Str. 149, 69126 Heidelberg, Germany. 
Email: christian.werner@bethanien-heidelberg.de;  
Twitter: @WernerChris84
852143 CRE0010.1177/0269215519852143Clinical RehabilitationWerner et al.
research-article2019
Original Article
Werner et al. 1683
Introduction
Recent technological developments in gait analy-
sis focus on ambulatory solutions that allow for 
unobtrusive and continuous gait monitoring in 
real-life environments outside the laboratory such 
as wearable sensors.1 However, these sensors 
require an individual’s willingness to wear them 
and may cause discomfort and adherence issues. 
In addition, to our knowledge, the validity of 
body-worn sensors for measuring spatiotemporal 
gait parameters in older adults with walking aids 
is still unknown. Considering that walkers or rol-
lators are prescribed routinely to patients during 
geriatric rehabilitation and that many older adults 
with mobility limitations have to use them for 
ambulation, there is the need for valid gait analy-
sis systems to unobtrusively and continuously 
capture spatiotemporal gait parameters also in 
these walking aid users.
Technological advances have led to the devel-
opment of ‘smart walkers’ with various high-tech 
functionalities such as monitoring a user’s gait.2 
Different sensor types (e.g. vision-based sensors,3 
inertial measurement units,4 force sensors5) have 
been used to implement gait analysis on a smart 
walker. Independent of the technical implementa-
tions, to our knowledge, previous validation stud-
ies of smart walker–integrated gait analysis systems 
suffered from methodological shortcomings such 
as small sample sizes, participants not representa-
tive of potential users, no criterion standard com-
parisons and/or no statistical analyses.3–5
The study aim was to assess the concurrent 
validity of a smart walker–integrated gait analysis 
for measuring spatiotemporal gait parameters with 
a criterion standard (GAITRite® system) in a rea-
sonable number of potential smart walker users.
Methods
The study was conducted between 1 November and 
5 December 2014, with approval of the ethics com-
mittee of the Medical Faculty of the Heidelberg 
University (S-358/2013) and in accordance with 
the Declaration of Helsinki. All participants gave 
written informed consent.
Participants were recruited from rehabilitation 
wards of a geriatric hospital, from nursing homes 
and from a hospital-associated sports club for 
geriatric outpatient rehabilitation. According to 
the defined users of our smart walker,6 inclusion 
criteria were age ⩾65 years, moderate gait impair-
ments (rollator use in daily life and/or 4 m usual 
gait speed7 <0.6 m/s) and no severe cognitive 
impairment (Mini-Mental State Examination8 
score ⩾17 points).
The GAITRite system (CIR Systems Inc., 
Havertown, PA, USA) is an electronic walkway 
with embedded pressure sensors, representing a 
well-established and validated method for auto-
mated gait analysis in clinical settings.9 The 
GAITRite system used in this study was 5.79 m 
long and 0.89 m wide (active area: 4.88 m × 0.61 m; 
sampling rate 120 Hz).
The smart walker integrates innovative func-
tionalities such as sit-to-stand assistance, obstacle 
avoidance, navigation assistance and gait moni-
toring. A detailed description of all its functionali-
ties has been provided previously.6,10 For this 
study, only the gait analysis system of the smart 
walker was activated and all other innovative 
functionalities were deactivated. The smart 
walker–integrated gait analysis system is based 
on a standard laser range finder (UBG-04LX-F01; 
Hokuyo Automatic Co., Ltd, Osaka, Japan; sam-
pling period 28 ms/scan) mounted at the rear side 
of the smart walker. Stride length and gait speed can be measured with good consistency, but with only 
limited absolute accuracy.
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of the four-wheeled smart walker at a fixed height 
of 35 cm from the ground with a viewing direction 
towards the user’s legs to record their motion at a 
horizontal plane below the knee level. Gait param-
eters were extracted by pre-processing the laser 
data using a Probabilistic Data Association 
Particle Filtering system and subsequent model-
ling of the user’s walking pattern based on a 
Hidden Markov Model approach, as previously 
described.11 The overall goal of this gait analysis 
system is not only to validly measure gait param-
eters continuously during smart walker use but 
also to serve as a basis for future development of 
a context-aware smart walker that generates and 
provides real-time assistive actions (e.g. distance/
velocity adjustments) according to the user‘s cur-
rent walking pattern.
After a familiarization phase, in which partici-
pants freely moved around with the smart walker for 
approximately 2–5 minutes, they were instructed to 
walk along a GAITRite instrumented walkway with 
the smart walker at self-selected maximum gait 
speed. Each walk was initiated and terminated 1 m 
before and after the walkway (total length = 7.79 m) 
to account for acceleration and deceleration. No 
practice trials were performed on the instrumented 
walkway. After data recording, each walk was 
checked to ensure that the same steps, and the same 
number of steps, were used to calculate mean values 
for spatiotemporal gait parameters (stride, swing 
and stance time; stride length; and gait speed) by 
both processing methods. Mean values were used 
because average gait parameters are usually of clini-
cal interest.
Between-method differences (bias) and 95% lim-
its of agreement (meanbias ± 1.96 × SDbias) were 
determined using the Bland–Altman method.12 
Percentage errors, calculated as 100 × (1.96 × SDbias)/
((meansmart walker + meanGAITRite)/2), were considered 
to be clinically acceptable if <30%.13 Intraclass cor-
relation coefficients (ICCs) with 95% confidence 
intervals were calculated to determine the consist-
ency (ICC3,1) and absolute agreement (ICC2,1) 
between the mean gait parameters measured by the 
two methods. ICCs were interpreted as poor (<0.40), 
fair to good (0.40–0.75) and excellent (>0.75).14 The 
sample size for this study was estimated to be ⩾23 
participants, based on an acceptable ICC of 0.70 and 
an expected ICC of 0.90 for two measurements 
(smart walker and GAITRite), a significance level 
(α) of 0.05 and a statistical power (1–β) of 0.80.15 A 
two-sided P-value of <0.05 indicated statistical sig-
nificance. Statistical analysis was performed using 
IBM SPSS Statistics for Windows, Version 25.0 
(IBM Corp., Armonk, NY, USA).
Results
The sample included 25 older adults with a mean 
(SD) age of 84.1 (5.4) years, moderate gait impair-
ments (usual gait speed = 0.48 (0.15) m/s) and no 
severe cognitive impairment (Mini-Mental State 
Examination score = 24.5 (4.1) points). Sixteen 
(64%) participants were geriatric rehabilitation 
patients, seven (28%) were members of the sports 
club for geriatric outpatient rehabilitation, and two 
(8%) were nursing home residents.
Mean bias for the stride, swing and stance time 
ranged from –0.04 to 0.04 seconds, with clinically 
acceptable percentage errors (8.7%–23.0%) (Table 
1). Stride length and gait speed showed both a sub-
stantially higher bias (meanbias (SD) = 0.20 (0.11) m; 
0.19 (0.13) m/s) and a clinically not acceptable per-
centage error (31.3%–42.3%). Limits of agreement 
were considerably narrower for the stride (–0.10 to 
0.11 seconds), swing (–0.07 to 0.16 seconds) and 
stance time (–0.12 to 0.20 seconds) than for the 
stride length (–0.07 to 0.44 m) and gait speed 
(–0.02 to 0.42 m/s) (Figure 1). Consistency between 
both methods was good to excellent for all gait 
parameters (ICC3,1 = 0.72–0.97). Absolute agree-
ment was also good to excellent for the stride, 
swing and stance time (ICC2,1 = 0.72–0.97), but 
only poor to fair for the stride length (ICC2,1 = 0.37) 
and gait speed (ICC2,1 = 0.52).
Discussion
This initial validation study showed that the smart 
walker–integrated gait analysis system provides 
comparable data to the GAITRite system for the 
temporal gait parameters of stride, swing and stance 
time in potential smart walker users. Although also a 
good consistency for the stride length and gait speed 
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was found between these two systems, they cannot 
be used interchangeably when absolute values of 
these spatial-related gait parameters are required 
(e.g. for comparison with normative values).
The low absolute agreement for spatial-related 
gait parameters can be explained by the fact that 
the GAITRite system refers to the distance 
between heel contacts on the electronic walkway 
Table 1. Mean values (±SD), mean difference scores (bias ± SD), limits of agreement, mean percentage errors and 
intraclass correlation coefficients for consistency and absolute agreement for each gait parameter.
Gait 
parameter
GAITRite® Smart 
walker
Bias 95% LOA PE Consistency
ICC3,1 (95% CI)
Absolute agreement
ICC2,1 (95% CI)
Stride 
time (s)
1.21 ± 0.24 1.21 ± 0.22 –0.01 ± 0.05 –0.10 to 0.11 8.7 0.97 (0.94 to 0.99) 0.97 (0.94 to 0.98)
Swing 
time (s)
0.48 ± 0.09 0.52 ± 0.10 –0.04 ± 0.06 –0.07 to 0.16 22.8 0.80 (0.59 to 0.91) 0.72 (0.27 to 0.89)
Stance 
time (s)
0.73 ± 0.18 0.69 ± 0.13 0.04 ± 0.08 –0.12 to 0.20 23.0 0.86 (0.70 to 0.93) 0.83 (0.62 to 0.93)
Stride 
length (m)
0.80 ± 0.17 0.60 ± 0.13 0.20 ± 0.11 –0.02 to 0.42 31.3 0.72 (0.45 to 0.86) 0.37 (–0.10 to 0.73)
Gait speed 
(m/s)
0.70 ± 0.22 0.51 ± 0.15 0.19 ± 0.13 –0.07 to 0.44 42.3 0.76 (0.53 to 0.89) 0.52 (–0.10 to 0.82)
LOA: limits of agreement; PE: percentage error; ICC: intraclass correlation coefficient; CI: confidence interval.
All ICCs for consistency and absolute agreement were significant at P < 0.001.
Figure 1. Bland–Altman plots for comparison between the GAITRite® system and the smart walker–integrated 
gait analysis system. Dotted lines indicate bias and dashed lines indicate upper and lower 95% limits of agreement 
(±1.96 SD of the bias).
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for measuring the stride length, while the smart 
walker–integrated gait analysis system refers to 
the distance between leg placements recorded by 
the laser range finder 35 cm above the walkway. 
The reference points of the laser range finder are 
closer to the pivot of the lower legs (i.e. knee 
joint) and thus travel a shorter distance during the 
gait cycle, resulting in the shorter stride length 
and also the lower gait speed. While absolute 
agreement for these spatial-related parameters 
seems lacking, the extent to which they agree with 
the GAITRite system on the relative values (i.e. 
consistency) was good to excellent, suggesting 
that the stride length and gait speed of the smart 
walker–integrated gait analysis system may be 
themselves reliable and as good as those of the 
GAITRite system in determining meaningful 
changes in a user’s walking pattern.
Compared to previous validation studies of 
smart walker–integrated gait analysis systems, 
the strengths of this study are that a reasonable 
number of participants representative of poten-
tial smart walker users were recruited, a well-
established, validated gait analysis system was 
used as criterion standard for comparison, and 
the data obtained were analysed by adequate sta-
tistical methods. However, this study also has 
some limitations. Only short straight walking in 
a controlled laboratory environment was evalu-
ated, as limited by our criterion standard. Future 
studies should assess the validity of the smart 
walker-gait analysis system in less constrained 
movement situations. Our participants were pre-
dominantly females, limiting the generalizability 
of the results to males. However, we did not 
expect gender to affect the concurrent validity 
between the two systems.
The smart walker–integrated gait analysis sys-
tem can provide clinicians and researchers the 
ability to unobtrusively capture gait parameters 
of smart walker users, without any sensors being 
attached to the user’s body. Our study represents 
a first step towards a continuous gait analysis of 
smart walker users in natural environments. The 
applicability of the system for such long-term 
gait monitoring needs to be confirmed in future 
studies.
Clinical Messages
•• The smart walker–integrated gait analy-
sis system has good concurrent validity 
with the GAITRite® system for measur-
ing temporal gait parameters in potential 
smart walker users.
•• Stride length and gait speed can also be 
measured consistently; however, modifi-
cations are recommended to improve the 
absolute measurement accuracy for these 
spatial-related gait parameters.
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Abstract Mobility assistance robots (MARs) provide sup-
port to elderly or patients during walking. The design of
a safe and intuitive assistance behavior is one of the ma-
jor challenges in this context. We present an integrated ap-
proach for the context-specific, on-line adaptation of the as-
sistance level of a rollator-type mobility assistance robot
by gain-scheduling of low-level robot control parameters. A
human-inspired decision-making model, the Drift-Diffusion
Model, is introduced as the key principle to gain-schedule
parameters and with this to adapt the provided robot assis-
tance in order to achieve a human-like assistive behavior.
The mobility assistance robot is designed to provide a) cog-
nitive assistance to help the user following a desired path to-
wards a predefined destination as well as b) sensorial assis-
tance to avoid collisions with obstacles while allowing for an
intentional approach of them. Further, the robot observes the
user long-term performance and fatigue to adapt the over-
all level of c) physical assistance provided. For each type
of assistance a decision-making problem is formulated that
affects different low-level control parameters. The effec-
tiveness of the proposed approach is demonstrated in tech-
nical validation experiments. Moreover, the proposed ap-
proach is evaluated in a user study with 35 elderly persons.
Obtained results indicate that the proposed gain-scheduling
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technique incorporating ideas of human decision-making
models shows a general high potential for the application
in adaptive shared control of mobility assistance robots.
Keywords Mobility Assistance Robot · Adaptive Shared
Control · Decision Making
1 Introduction
A sufficient motor performance that allows performing
physical daily activities is a critical requirement for main-
taining mobility and vitality, especially for elderly people
and patients. Changes due to aging or disease may result in
the limitation of human motor performance, sensing capa-
bilities and cognitive functions, and thus reduce the ability to
perform activities of daily living such as walking, transfer-
ring or performing personal hygiene. This again often leads
to less autonomy and a decreased quality of life and self-
esteem. Thus, the constantly increasing elderly population,
especially in industrialized countries, has led to a strong de-
mand for healthcare specialists and assistive devices. Mo-
bility assistance robots (MARs) can partly cover this de-
mand by providing physical, sensorial, and cognitive assis-
tance [31, 44, 55].
How to adapt the provided assistance depending on the
actual context is a major challenge in the controller design of
assistive robots. An assistive robot under direct user control
can have difficulties guaranteeing acceptable performance
and safety due to cognitive, sensorial and physical weak-
nesses of target users being elderly or disabled people. On
the other hand, a fully autonomous system that ignores the
user’s intention can result in user dissatisfaction and dan-
gerous situations in case of human and robot disagreement.
The latter can highly affect acceptability of such systems
by their end-users (elderlies and patients) [1, 3, 12, 14, 20].
Therefore, a shared control approach allowing human and
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robot to share the control over resulting actions is typically
employed.
Shared control has been studied for different applica-
tions of human-machine interaction: For example [2, 4, 28,
40, 53] investigated shared control for teleoperation, space
and aviation systems, [35–38] explored similar principles
for surgery applications, while [7] and [54] report on shared
control for powered wheelchairs.
In literature most adaptive shared control mechanisms
attempt to tune the level of assistance to improve metrics re-
lated to the task. Thus, an inherent difficulty lies in deciding
on suitable metrics and adaptation strategies such that the
overall robot assistance results in a natural behavior to the
user. In this context natural refers to an intuitive cooperative
control scheme that considers human and robot to collab-
orate as peers, meaning that the robot is allowed to make
own decisions to online adjust its level of assistance taking
current and past information on the user and environment
into account. We believe that an intuitive and natural behav-
ior can be achieved if the robot can decide on the provided
level of assistance in a similar way to humans. Thus, we
formulate the problem of the allocation of control authority
as a decision-making problem and employ human-inspired
decision-making models. We use the Drift-Diffusion (DD)
model, firstly proposed by [9], that describes the decision-
making mechanism in humans as a process in which deci-
sions are based on past decisions and the decision criteria are
continuously adjusted in order to maximize the reward ob-
tained throughout task execution. Following the principles
of the DD model, we propose a mathematical formulation
for an integrated control architecture to adapt the parameters
of the shared control system of a rollator-type MAR. The
proposed architecture allows to intuitively adapt the short-
term a) cognitive assistance helping the user to follow a de-
sired path towards a predefined destination, the robot b) sen-
sorial assistance to avoid collisions with obstacles and to
allow an intentional approach of them, and the more long-
term adaptation of the robot c) physical assistance based on
measured user performance and fatigue. We illustrate the ef-
fectiveness of the proposed architecture in experiments and
evaluate its performance by conducting a user study with
elderly. Obtained results indicate an acceptable user satis-
faction and show a general high potential of the proposed
adaptive shared control architecture for MARs.
This paper is organized as follows: Section 2 reviews
related work. Section 3 introduces the MAR and the imple-
mented admittance control approach. The integrated adap-
tive shared control architecture is presented in Section 4,
while Section 5 provides details on the implementation of
the adaptation policies for the sensorial, cognitive and phys-
ical assistance. Finally, Section 6 discusses the experimen-
tal setup and reports on technical validation experiments and
the performed user study with elderly users. Section 7 con-
cludes the work.
2 Related Work
This section reviews literature on adaptive shared control of
MARs as well as studies on decision making in humans and
related models.
2.1 Adaptive Shared Control for MARs
Variable admittance control is the most common control
scheme in MARs. An admittance model defines the sensitiv-
ity of the device to the applied human forces according to a
specified desired mass and damping that should be rendered
by the device. The behavior of the system can be modified
by adapting this admittance, or by manipulation of the force
applied by the user. In [32, 33, 57] the authors for exam-
ple improve maneuverability by applying a transformation
on the user force that allows to online modify the center of
rotation of the mobility assistant. In [24,26,27] authors pro-
pose to include also a braking force to the admittance law
and to achieve the robot desired behavior such as fall pre-
vention, gravity compensation on slopes or step avoidance
by proper activation of the brakes. Different environment-
adaptive approaches, mainly based on the inclusion of addi-
tional forces/torques to the admittance model for obstacle
avoidance and goal-seeking (generated based on environ-
ment information) can be found in [23–25, 34, 48, 49, 56].
These approaches can result in an active robot behavior
which can lead to dangerous situations, for example in case
the human releases the handles and the robot continuous to
move or the human plans to walk on a straight path, while
the system accidently turns to circumvent an obstacle.
Only few works consider the history of the human per-
formance during the interaction with the robot in the adapta-
tion law of the admittance controller. In [64] the author pro-
poses a cost function with forgetting factor evaluating the
user’s performance by combining multiple criteria like the
proximity to obstacles, the deviation from the planned tra-
jectory and human stability criteria. This allows to realize an
adaptive shared control with varying force gains, which pro-
vides more authority to the human or the robot assistant de-
pending on the accumulated human performance. Similarly,
in [62] the authors propose to shift authority from the human
user to the robotic system or vice versa depending on the
specific context and logical rules allowing e.g. for the imple-
mentation of a no assist mode, an assist mode (human and
robot share the execution of the task), a safety mode (robot
acts fully autonomous) or an override mode (robot is under
full control of the human). In [30, 61] again a logical rule-
based method is proposed that evaluates the interaction force
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to estimate the human intentional direction which is defined
as “the direction into which a person intends to move” and
then select the admittance parameters among some defined
values. Different admittance parameters are studied to pro-
vide the user a comfortable feeling while walking and to
avoid manoeuvres in unintended directions.
Apart from the use of variable admittance control, few
other approaches exist that address the problem of shared
control. A Bayesian network approach that combines sen-
sor information with user inputs (read by an interface with
three buttons for moving forward, turn left or right) and
that activates respective autonomous robot behavior is pro-
posed in [41]. An autonomous path planning and obstacle
avoidance approach is discussed in [15–17, 42] that lets the
user decide on the robot velocity leaving partial authority
of modifying the path with the user. The author employs
advanced methods for dynamic path planning (e.g. elastic
bands [51]) to allow for dynamic obstacle avoidance and
smooth path planning and modifications according to user
inputs. In [56] three robot guiding behaviours including ob-
stacle avoidance, wall following, and goal seeking are de-
signed for an omni-directional mobile robot by evaluating
laser sensor data and by fusing these three behaviors by
means of a Fuzzy Kohonen Clustering Network. In [29] the
authors use forces and moments a user applies to a walker’s
handle in addition to information on the local environment
and the walker’s state to derive the most likely human inten-
tion, respectively path to follow. Depending on the identified
intention, the angle of the robot front wheel is set by the mo-
bility assistant, leaving the user the freedom to decide on the
velocity to move on the identified path. Finally, a switching
controller to avoid human forward fall and human-robot col-
lision is proposed in [13].
Summarizing, although a series of adaptive shared con-
trol approaches for mobility assistance robots were studied
in literature as mentioned above, to the best of the authors
knowledge none of the aforementioned approaches used
human-inspired decision making models to define adapta-
tion policies for the provided level of assistance, which is
expected to result in a natural and safe human-robot interac-
tion. Thus, for the first time we study human decision mak-
ing models as mechanism to gain-schedule low-level control
parameters and with this to vary the level of assistance pro-
vided and evaluate the effectiveness of this approach for real
end-users.
2.2 Human Decision Making Models
In cognitive science, human decision making has been
widely studied in so called two-alternative forced-choice
(TAFC) tasks. TAFC tasks require a human to make a se-
quence of choices between two predefined alternatives. Af-
ter every choice, the subject is given a reward based on the
current choice and the previous N choices. The subject’s
goal is to maximize the accumulated reward over a sequence
of choices. TAFC tasks were used to study optimal decision
strategies, see [9,47], or sub-optimal strategies, see [21,22].
In human subject experiments, it was observed that for a
majority of human subjects working with particular reward
structures, decisions are centered around particular points,
termed matching points, where the reward return curves for
the two options cross.
Mathematical investigations focusing on potential un-
derlying mechanisms of human decision making have in-
volved among others Markov decision processes (MDP) and
drift-diffusion (DD) models. Authors in [58] consider TAFC
tasks and a DD model together as a Markov process and
show that, under certain assumptions, the DD model analyt-
ically exhibits matching behavior as observed in human sub-
jects. In [5], convergence to a matching point is proven for a
particular task called the matching-shoulders-type task and
using the DD model with a time decay extension. In [47]
and [59], a combination of a DD model and MDP is used
to address empirical and analytical effects of social context
(decisions and rewards of other people) on decision making.
Although several extensions to the concept of decision
making based on the DD model in TAFC tasks exist, see
for example [50,63], its application to assistive robotics has
not received lots of attention. In this work we extend our
previous work [8] and explore the applicability of the DD
model to MARs supporting elderly and patients.
Fig. 1 Mobility assistance platform.
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3 MAR Low-Level Control
3.1 System Description
Our rollator-type MAR consists of rear and front wheels,
chassis, supportive handle bars and a range of sensors to
measure environment and human data, see Fig. 1. The pro-
totype has two actuated rear wheels and two front castors
and is equipped with two 6 DoF JR3 force-torque sensors
at the handles, a Hokuyu laser range finder at the front to
monitor the environment, one at the back to observe human
gait patterns and two Kinect to monitor the human posture.
The system is further equipped with an Inertia Measurement
System (IMU), XSens MTi-G-700 GPS/INS, in order to es-
timate the robot angular acceleration and two 2 DoF arms
to support sit-to-stand transfers. The rollator is of active and
non-holonomic type, meaning that the translational motion
of the robot along the heading direction as well as rota-
tional motion along its center of rotation are possible, while
motions in lateral direction are restricted. With reference to
Fig. 2, the non-holonomic constraint is given by
x˙r sin θr − y˙r cos θr = 0,
and therefore the kinematic model can be written as follows,
q˙ =


x˙r
y˙r
θ˙r

 =


cosθr 0
sinθr 0
0 1


[
v
ω
]
= Ju, (1)
where v and ω are two available control inputs for the
linear and angular velocities around the vertical axis and
q = [xr, yr, θr]
T the states of the robot.
Fig. 2 Human and MAR in the world frame.
3.2 Admittance Control
Two force/torque sensors mounted at the handles of the rol-
lator are used to drive the differential drive MAR. Force
components along and around the heading direction are used
for motion control1. An admittance control is implemented,
which allows to design the desired dynamic behavior of the
system with respect to the user’s applied force by select-
ing proper admittance parameters. The admittance controller
emulates a dynamic system and gives the user a feeling as
if he/she were interacting with the system specified by the
admittance model. A mass-damper system for the linear and
angular motion is considered
Mdu˙+Ddu = Fh, (2)
where Md and Dd are the desired inertia and damping
matrices, respectively, and Fh = [fhx , fhy , τh] the driving
forces applied by the user. Therefore, the desired reference
velocity for the robot is specified by the desired admittance
parameters and is based on the human input in terms of ap-
plied force. The robot reference velocity is then controlled
by a low-level controller.
4 Shared Control Architecture
We propose an integrated architecture that allows to adapt
the robot’s short-term cognitive and sensorial assistance as
well as the long-term physical assistance provided. The cog-
nitive assistance provides required support to the user in path
following situations guiding the user from an initial to a de-
sired destination. The sensorial assistance reduces the risk of
the robot colliding with obstacles and allows for the inten-
tional approach of obstacles. The physical assistance tunes
the robot contribution according to the long-term user per-
formance, which may be affected due to fatigue. The latter
is particularly important since considerable changes in per-
formance are observed due to user fatigue after continuous
activity, which may render performing daily activities at a
desired level of performance difficult, see [10, 52].
With reference to Fig. 3, we propose an integrated adap-
tive shared control framework for MARs. Three decision-
maker blocks for sensorial, cognitive and physical assistance
are responsible for online adapting the parameters of the ad-
mittance controller in order to achieve the desired system
behavior. The Decision on cognitive assistance block evalu-
ates the planned path towards the goal which is generated by
the path planner block, the human navigational intention in
form of force and torque applied to the robot handles as well
as the actual human performance. The Decision on senso-
rial assistance block uses human input and the information
provided by the Environment state block, which provides in-
formation on the position of obstacles around the robot. Fi-
nally, the Decision on physical assistance block processes
1 Please note that in a holonomic system also the force component
in sidewards direction is used for motion control.
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Fig. 3 MAR adaptive shared control architecture.
all inputs and adjusts the level of active support provided
accordingly.
The concept of the robot assistance is implemented by
manipulating the admittance control parameters. We decom-
pose and extend the admittance controller (2) as follows:
mxv˙ + dxv = fhx , (3)
Iθω˙ + dθω = k1τh + k2τassis, (4)
k1 + k2 = 1, (5)
where the parametersmx, dθ and fhx are the mass, damping
and human force components along the heading direction of
the robot (in alignment with the unitary vector x of the robot
in Figure 2). The variables Iθ, dθ and τh are the inertia,
damping and human torque components. The parameters dx,
dθ and k2 are tuned to satisfy the aforementioned sensorial,
cognitive and physical assistance. Increasing the value of dx
decelerates the robot motion in heading direction and know-
ing that the robot is of non-holonomic nature this effect can
be used for the purpose of robot sensorial assistance. Ma-
nipulation of dθ influences the felt resistance when aiming
to change the robot orientation and thus, can help prevent-
ing deviations from the desired path towards the destination.
Finally, an increase of k2 increases the robot active contribu-
tion to the control of the orientation of the robot. This effect
is used for varying the physical assistance provided by the
robot. The adaptation of the dx and dθ parameters results in
a passive and thus, intrinsically safe support strategy. The
advantage of active support is used to tune the parameter k2,
whenever the passive support strategy alone cannot provide
the desired system behavior, e.g. when the user is exhausted
and can hardly guide the robot towards his/her desired des-
tination.
The decision making systems that decide on the specific
tuning of these parameters are discussed in the following
sections.
5 Decision Making for MARs
The individual decision making policies that decide on the
specific level of robot assistance provided are formulated
based on the DD model to achieve an intuitive online adap-
tation of the robot assistance. In the following sections, we
first introduce the DD model, and then detail its application
for designing an adaptive robot assistance for a MAR.
5.1 Decision Making Principle based on DD Model
In a two-alternative forced-choice (TAFC) task a human has
to take a decision between two alternative choices and is
asked to continuously choose between them. Each choice
is associated with a specific reward. The human not know-
ing about the underlying reward structures typically explores
the options and gradually optimizes the overall intake. Dif-
ferent reward structures have been proposed in literature
to study human decision-making behavior. In this paper,
we mainly focus on the matching shoulder reward struc-
ture. The matching shoulder structure consists of two re-
ward functions with inverse relationships as encountered for
example whenever two goals are conflicting and a decision
has to be taken for either improving the one or the other.
The specific form of the two crossing reward functions is a
design factor and allows to program different kind of behav-
iors allowing to favour one goal over another in some situ-
ations, while favouring the other in other situations. Thus,
in general the matching shoulder structure consists of two
intersecting curves that diminish with increasing/decreasing
performance. Consider pA and pB human performance mea-
sures associated with the choicesA andB and the associated
rewards rA and rB . Further, and only assumed in the con-
text of this manuscript, the general relationship of a reward
r and a performance measure p should be given by:
rz = kz(pz − poffset,z)
nz + r0,z, (6)
where poffset,z , r0,z , kz , and nz are the user and task-
defined tunable variables for each specific reward structure
(z ∈ A, B).
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The Drift Diffusion (DD) model has proven to imple-
ment the optimal mechanism for TAFC decision making
tasks and accounts for an impressive amount of behavioral
and neuroscientific data. The DD model characteristic can
be formulated as soft-max model firstly introduced by [9] to
describe human decision making in TAFC tasks. The soft-
max model as a main component in human decision-making
processes was also shown by [45] and formulated using a
sigmoidal function
PA(t+ 1) =
1
1 + exp−µ(wA(t)−wB(t))
. (7)
According to this model, the probability of the human
preference for choice A at time t+ 1 is PA(t+ 1) which is
computed using (7), where wA(t) and wB(t) are the accu-
mulated evidences for choosing option A orB, respectively.
The parameter µ is used to manipulate the slope of the sig-
moid function, and therefore the level of certainty in making
a decision.
The values wA(t) and wB(t) are updated with the help
of a learning rule. Authors in [46] have proposed a discrete-
time linear update rule. Considering the decision set z ∈
[A,B] at each time t, then
wz(t+ T ) = (1− λ)wz(t) + λrz(t) (8)
where z is the decision just made, rz(t) the obtained reward
for z, λ ∈ [0 1] a forgetting factor and T the sample time
in the system. We consider the same initial value for the
weightings wz which implies no preference for each of the
two choices.
In the following sections we employ the DDM as a key
element for the gain-scheduling of low-level control param-
eters resulting in varying levels of physical, sensorial and
cognitive assistance. Doing so, the problem of fulfilling two
conflicting goals is formulated for each type of assistance
studied. Then, associated performance metrics are defined
and the corresponding matching shoulder reward structures
are introduced. Next, the level of the provided assistance is
decided upon by evaluating the DDM (7), which finally de-
termines which of the two conflicting goals should be pri-
oritized according to the accumulated evidence to improve
the overall intake. Finally, a linear homotopy is applied for
gain scheduling respective low-level control parameters c
between a pre-defined minimum and maximum value based
on the determined probabilities for deciding on either of the
two choices:
c(t) = PA(t+ 1)cmin + (1− PA(t+ 1))cmax. (9)
5.2 Decision on Cognitive Assistance
In this section, we formulate the problem of providing adap-
tive, passive cognitive assistance as a human decision mak-
ing problem. We employ the DD model for gain-scheduling
of the low-level control parameter dθ to online adjust the
level of the provided robot cognitive assistance.
5.2.1 Problem Formulation
An important functionality of the MAR is guiding the user
from an initial to a target destination, especially for users
who are cognitively impaired and have thus, difficulties in
locating themselves and finding their way. An ideal robot as-
sistance makes the user feel comfortable by giving him/her
enough control over the platform, while the user is safely
guided towards the desired destination. In particular, we aim
at improving human-robot agreement by providing the user
enough freedom in controlling the platform as long as the
deviation from the desired path stays within acceptable lim-
its and at shifting priority towards improving task perfor-
mance by reducing the human control authority in case the
task deviation is slowly approaching its allowed maximum,
but the user performs no proper reaction to prevent this.
This trade-off is formulated as decision-making problem.
The assistance is realized by a passive guidance that pre-
vents movements in directions perpendicular to the desired
path and giving the user freedom to control the robot when
moving along the reference path.
Consider a task of path following from an initial to a fi-
nal location where the desired path is known for the robot as-
sistant. The human forces (fh = [fhx , fhy ]
T ), represented
by the linear components (two first entries) of Fh in (2) are
used to control the linear robot motion along the robot ref-
erence frame. They can be split into two main components,
the human force along the reference path (f‖) and perpen-
dicular to it (f⊥). With reference to Fig. 2, the magnitudes
of these forces are given as follows,
f‖ =‖ fh ‖ cos(θe), f⊥ =‖ fh ‖ sin(θe), (10)
where θe = θref − θr and θref is the desired orientation
between the reference path and the global x-axis.
We believe that the proper control of the robot orienta-
tion error is satisfactory for the purpose of providing cogni-
tive assistance. To ensure a safe robot behavior, we propose
a passive assistance by adapting the damping parameter dθ
and thus, indirect manipulation of the robot angular veloc-
ity and orientation error while giving the user the freedom
to move freely along the path. This reduces the problem to
the adaptation of only one parameter, namely the damping
parameter dθ. The adaptation law for this parameter is for-
mulated as a decision making problem using the DD model.
5.2.2 Performance Measures
Task performance is measured using the rotational and trans-
lational tracking error formulated with respect to the desired
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path over an observation windows NC
pT,C =
∑NC
i=1 kC,eei + kC,θeθei
NC ·max(kC,ee+ kC,θeθe)
, (11)
where the subscript i refers to the value of the variable at the
sample i and e is the robot position error given by
e =
√
(xref − xr)2 + (yref − yr)2, (12)
and pT,C means the normalized task performance computed
over NC samples, and kC,e and kC,θe are two user-defined
factors distributing the weightings between orientation and
translation. The max value is initialized with the maximum
acceptable error with respect to the task and is updated if a
larger value is observed during the interaction process.
Disagreement is assumed to occur when the user and
robot assistant apply forces in opposite directions leading to
so called internal forces. These internal forces provide im-
portant information on haptic interaction, see e.g. [18]. Min-
imizing disagreement can enhance the quality of human-
robot interaction as the robot then behaves according to hu-
man expectations. Considering the task of providing cogni-
tive assistance described in the previous section, we define
the internal moment τint as follows
τint =


τh + lff⊥ sign(τh + lff⊥) 6= sign(τrobot)∧
|τh + lff⊥| ≤ |τrobot|,
−τrobot sign(τh + lff⊥) 6= sign(τrobot)∧
|τh + lff⊥| > |τrobot|,
0 otherwise,
(13)
where lf is a variable representing the Euclidean distance
between the robot position and the reference point on the
desired path which allows the manipulation of τh + lff⊥,
especially for cases when the human does not apply enough
torque to correct the robot deviation, but instead the devia-
tion is increasing due to applied forces. The value of τrobot
can be computed by any orientation controller, similar to the
one proposed for τassis in (26). The disagreement metric is
then computed over NC samples and is further normalized
to define the following agreement performance pA,C ,
pA,C = 1−
∑NC
i=1 |τint,i|
NC ·max(|τint|)
. (14)
The final performance set to be considered for each de-
cision is pC ∈ [pT,C , pA,C ].
5.2.3 Reward Structure and Decision Making
Following ideas of the DD model in TAFC tasks, a re-
ward function is associated with each performance measure.
For the considered decision making problem, we propose
a matching shoulder structure with two intersecting reward
functions as depicted in Fig. 4 and both functions expressed
using (6).
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Fig. 4 Reward structure for adapting the cognitive assistance. The blue
function is the reward rT,C associated to the task performance mea-
sure pT,C and the red function is the reward rA,C associated to the
agreement performance measure pA,C .
The proposed reward structure is designed to fit to the re-
quirements introduced in Section 5.2.1. The assistant faces
a trade-off between providing low assistance to improve
human-robot agreement and providing high assistance to
improve task performance. When the user is following the
desired path, high agreement (agreement measure at its max-
imum) and high task performance (task performance mea-
sure at its minimum) are typically observed and thus, the
maximum corresponding rewards are associated for both
choices. The maximum reward associated to human-robot
agreement is designed to be larger than the maximum re-
ward for improving task performance. This implies an as-
sistant’s preference for improving agreement over task per-
formance whenever the user’s deviation from the reference
path is acceptable. When both performances are decreasing,
the reward for task performance decreases with a slower rate
than the one for human-robot agreement. This allows a faster
change of the preference from improving agreement to task
performance. On the other hand, when both rewards are im-
proving from very low performance, even a small increase
of human-robot agreement results in a quick change of the
preference towards improving human-robot agreement be-
cause of the higher rate of change in the reward associated
to it (compare the change of slopes in both curves for exam-
ple in 0.6 <performance< 1).
The probability to assist the human to improve human-
robot agreement at time t + 1 is calculated using the DD
8 Milad Geravand et al.
model represented by (7) and considering PA = PA,C ,
wA = wA,C and wB = wT,C and µ = µC . The values
of wA,C and wT,C are updated according to (8) considering
z ∈ [AC , TC ].
Finally, the level of the provided cognitive assistance is
adapted with the help of a linear homotopy defined as fol-
lows
dθ(t) = PA,C(t+1)dθ,min+(1−PA,C(t+1))dθ,max (15)
where dθ,min and dθ,max are the minimum and maximum
considered values of the damping factor.
5.3 Decision on Sensorial Assistance
The formulation of the sensorial assistance problem and the
proposed adaptation policy for gain-scheduling of the low-
level control parameter dx based on the described decision
making approach is discussed in the following sections.
5.3.1 Problem Formulation
Although typically a collision-free path is planned for robot
assistants, reducing the risk of colliding with dynamic ob-
stacles unknown at the time of planning the path has to be
considered in the design of the robot control architecture.
Further, an intentional approach to objects (detected as ob-
stacle by the robot) can be desirable, e.g, when aiming to
approach a table to grasp an object. This requires the robot
to determine the user’s intention and to decide on a proper
support taking the specific context into account. Specifically,
we aim at improving task performance in terms of colli-
sion avoidance by reducing the human control authority as
well as allowing the intentional approach of objects by shift-
ing the control authority to the human if large human-robot
disagreement is detected. This is formulated as decision-
making problem.
Fig. 5 Concept of the distance definition between robot and obstacle
detected by the laser range finder.
Since the most critical collisions occur between obsta-
cles and the front part of the robot, we aim for collision
avoidance by adapting the robot heading velocity towards
obstacles. Considering the distance between robot and a de-
tected obstacle, virtual forces/moments can be generated
based on an artificial potential field, see [39]. We consider
the following artificial potential field (U(q)),
U(q) =
{
k
2
(
1
‖dobs(q)‖
− 1
dobs,max
)2
‖ dobs(q) ‖≤ dobs,max,
0 ‖ dobs(q) ‖ > dobs,max,
where dobs is defined as the shortest distance between the
nearest obstacle in front of the robot to a representative point
on the robot, see Fig. 6, dobs,max the radius of the area
in which the potential field becomes active and k a posi-
tive constant gain. Therefore, the value of U(q) is increased
whenever the robot is approaching an obstacle, and its value
is zero if ‖ dobs(q) ‖ is larger than dobs,max.
Artificial forces applied by the robot are defined as
F (q) = −∇(U(q)) where ∇U is the gradient vector of U .
Then F (q) is transformed to the robot frame to determine
virtual forces and moments Fobs = [fobs, τobs] applied by
the obstacle to the center of rotation of the MAR.
In a fully autonomous system, forces Fobs are typically
used to actively drive the MAR and avoid collision with ob-
stacles. However, in a shared control system where the robot
is (at least partially) under human control and knowing that
we aim for a passive support, direct usage of Fobs can result
into an active and unsafe behavior and thus, we aim for only
evaluating it and passively tuning the robot heading veloc-
ity v. Here this problem is simplified to the decision on the
adaptation of dx, which allows decelerating the robot when-
ever an obstacle is detected.
5.3.2 Performance Measures
Considering the task of collision avoidance, task perfor-
mance is defined according to the distance to the nearest
obstacle in front of the robot over an observation window
of NS samples
pT,S = 1−
∑NS
i=1 ‖ dobs,i ‖
NS · dobs,max
(16)
where dobs,i is the respective vector for sample i.
Similar to Section 5.2.2, internal forces are considered to
provide important information on the quality of interaction
during collision avoidance. Internal forces fint, which rep-
resent the level of disagreement between the force applied
by a human (fh) as well as the repulsive force generated by
the detected obstacle (fobs), are computed as follows
fint =


fh fh · fobs ≤ 0∧ ‖ fh ‖≤‖ fobs ‖,
−fobs fh · fobs ≤ 0∧ ‖ fh ‖> ‖ fobs ‖,
0 otherwise,
(17)
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whereby human-robot agreementAS is determined overNS
samples and is normalized as follows
pA,S = 1−
∑NS
i=1 ‖ fint,i ‖
NS ·max(‖ fint ‖)
(18)
where fint,i refers to sample i. Thus, the set of perfor-
mances to be considered for the sensorial assistance is pS
∈ [pT,S , pA,S ].
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Fig. 6 Reward structure for adapting the sensorial assistance. The blue
function is the reward rT,S associated to the task performance mea-
sure pT,S and the red function is the reward rA,S associated to the
agreement performance measure pA,S .
5.3.3 Reward Structure and Decision Making
Fig. 6 presents two reward functions which are defined cor-
responding to the two performance measures presented in
Section 5.3.2.
Again the DD model is adopted for decision making.
The probability to improve human-robot agreement PA,S is
calculated by (7) where wA = wA,S and wB = wT,S are
the evidences for choosing to improve human-robot agree-
ment or task performance (as defined in section 5.3.2). The
evidences are calculated using (8) and considering the set of
decisions z ∈ [TS , AS ] for each time t. Finally, the level of
the robot sensorial assistance is modified by means of the
following homotopy for the damping parameter dx
dx(t) = PA,S(t+1)dx,min+(1−PA,S(t+1))dx,max (19)
where dx,min and dx,max are the minimum and maximum
considered values of the damping factor.
We believe that the proposed reward structure satisfies
the objectives for providing sensorial assistance as intro-
duced in Section 5.3.1. When no obstacle is detected in front
of the robot, the task performance measure is at its mini-
mum (see (16)) and therefore a high reward is associated to
it. On the other hand, no obstacles implies no disagreement
between human and robot (based on the definition of the
performance measures), which results in a large value for
the measure of human-robot agreement and therefore a high
reward. The maximum value of the reward for human-robot
agreement has been decided to be slightly larger than the
maximum value of the reward for task performance, which
implies a preference to improve human-robot agreement
whenever no risk of collision is detected. In other words,
the value of PA,S is close to one due to the fact that the evi-
dence∆wS = wA,S −wT,S is at its maximum according to
the rewards defined.
As soon as an obstacle is detected, the reward for im-
proving task performance decreases with a slower rate with
respect to the reward for human-robot agreement. This al-
lows a faster change from preferring human-robot agree-
ment to task performance, the value of ∆wS decreases,
which results in an increase of the level of assistance. Fi-
nally, if the human insists on continuing the motion forward
despite the provided resistance of the robot (which can im-
ply the user’s interest to approach the obstacle), the task per-
formance measure tends to its maximum value (correspond-
ing to the lowest reward), while the human-robot agreement
measure tends to its lowest value (also corresponding to a
low reward). In this case the overall preference turns back
again towards improving human-robot agreement since its
minimum reward is larger than the minimum reward for task
performance. This results in an increase of ∆wS allowing
the user to approach the obstacle. However, approaching the
obstacle has very low risk of collision since the robot veloc-
ity has been reduced significantly and the human remains
under partial robot assistance.
5.4 Decision on Physical Assistance
Individualization of the robot support is considered by
adapting the physical robot assistance by gain-scheduling
the parameter k2 as detailed in the following sections.
5.4.1 Problem Formulation
The demand for assistance of elderly and patients may in-
crease with continuing activity due to fatigue. An assistance
strategy that adapts to the current physiological state can
meet the aforementioned demand and thus, can result in a
higher user satisfaction during interaction with the robot.
This requires that the MAR not only evaluates the user per-
formance with respect to the desired task, but also estimates
the physiological state of the user in order to decide on the
level of the provided robot assistance. Specifically, we aim at
shifting the control authority to the robot if task performance
is low and human fatigue high and at gradually returning au-
thority to the user when task performance improves and hu-
man fatigue decreases. Again, this is formulated as decision-
making problem.
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We propose an active support by applying an assistive
torque to the admittance model. Considering (4) and (5), the
input torque can be manipulated by a proper selection of the
parameter k2.
5.4.2 Performance Measures
In general two different types of human fatigue are studied
in literature: mental and physical. Physical fatigue, which
we focus on in this paper, presents the maximum level of ex-
haustion at which the human cannot exert any more work.2
In literature, medical indicators of human fatigue are mostly
discussed based on heart rate or the total performed work.
Since the former requires an external monitoring system,
e.g. heart rate sensor, we mainly focus on the latter. Phys-
ical fatigue is directly related to the total power consumed
in the human muscles and therefore total work performed
as presented by [11]. The total work performed by a person
during walking is related to the user’s walking velocity and
the total weight of the user. Authors in [6] propose the fol-
lowing formula that relates consumed calories per kilogram
per hour lcal to the user’s velocity vh during walking
lcal(vh) = 14.326
vh
0.362 + 0.257vh
(0.136vh + 0.066v
2
h).
(20)
We use the aforementioned formula to formulate the
level of the human fatigue during walking. Considering a
person with total weight of M pushing a MAR with appar-
ent mass mx and moving with linear velocity of vh = v(t)
at time t, the normalized level of human fatigue is estimated
as
F (t+ 1) = F (t) +
lcal(v(t))(M +mx)∆t
lcal,fat
, (21)
where pF,O represent the level of human fatigue, ∆t the
sampling time of the system and lcal,fat the maximum pos-
sible consumed calories resulting in human fatigue. 3 We
define
pF,O = 1− F (22)
to be the performance measure correlating with the esti-
mated human fatigue.
The overall task performance is defined based on the
tracking error of the desired path as well as the distance to
2 Please note that the natural definition of mental and physical fa-
tigue are closely related and it is commonly known that physical fa-
tigue impairs mental fatigue. However, [43] has only recently shown
that mental fatigue can also imply physical fatigue. Therefore, we just
consider the effect of physical fatigue since this is the most probable
cause of fatigue in a mobility assistance scenario.
3 The work performed by a human to maneuver the platform has not
been considered in the computation of human fatigue for the sake of
simplicity.
the nearest obstacle in front of the robot which is computed
as follows
pT,O =
∑NO
i=1 |δi|
NOδmax
, (23)
δ = kO,θe · θe + kO,e · e+ kO,obs ·
1
‖ dobs ‖
, (24)
where δi is defined as a measure of total task performance
at sample i, δmax the maximum value of δ, pT,O the ob-
served task performance over the observation window with
length NO. We consider a larger value for NO than NS and
NC (defined in Sec. 5.2.2 and 5.3.2 respectively) for a bet-
ter estimation of the more long-term changes in human task
performance rather than specific reactions to a given situ-
ation. The values of kO,θe , kO,e and kO,obs are weighting
factors, which can be tuned according to the importance of
following the path or avoiding obstacles.
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Fig. 7 Reward structure for adapting the physical assistance. The blue
function is the reward rT,O associated to the overall task performance
measure pT,O and the red function is the reward rF,O associated
to the performance measure correlating with estimated human fatigue
pF,O .
5.4.3 Reward Structure and Decision Making
The reward structure for the two performance measures is
shown in Fig. 7.
The linear structure has been chosen as there is no spe-
cific preference on improving the overall task performance
or increasing the support because of human fatigue. This
structure allows to change the decision (gradually) when-
ever human fatigue or performance changes are detected.
The level of the physical assistance is finally tuned ac-
cording to the DD model. The estimated level of the robot
physical assistance PO is computed using (7) with wA =
wF,O and wB = wT,O. The evidences are computed using
(8) and assuming the decision set z ∈ [FO, TO] at each time
t. Thus, the level of the robot overall assistance is adapted by
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tuning the weighting factor k2 presented in (4) as follows,
k2(t) = PO(t+ 1)k2,min + (1− PO(t+ 1))k2,max (25)
where k2,min and k2,max are the minimum and maximum
considered values for k2. We propose a very smooth soft-
max function by considering a small value for the µ param-
eter in (7). This allows to gradually shift the preference be-
tween the human or assistant to control the robot steering
velocity.
Finally, to recover the orientation error a robot assistive
moment can be generated using the following control law
τassis = Kp1e+Kp2θe, (26)
whereKp1,Kp2 are user-specific defined gains.
6 Experimental Results
This section illustrates the effectiveness of the proposed ap-
proach, first by means of experiments aiming for a technical
validation with a healthy user interacting with the platform
and then by means of a user study involving 35 elderly per-
sons.
6.1 Technical Validation
In the following sections we technically validate the pro-
posed decision making algorithm realizing adaptive shared
control in MARs.
6.1.1 Experimental Setup
The robotic platform as shown in Fig. 1 was used for valida-
tion of the presented adaptive shared control approach. The
controller of the robot mobile base was implemented using
MATLAB/Simulink Real-Time Workshop. The robot veloc-
ity was controlled using a low-level high gain PD controller.
The control loop was set to run at T = 1ms sampling time.
The robot handles were not actuated and kept at a constant
height during the whole experiments.
A static map of the experimental room was build in
the Robot Operating System (ROS) using the OPENSLAM
Gmapping library package based on captured laser scanner,
IMU and robot’s odometry data. A path planner as part of
the move base package in ROS was implemented that pro-
vides a fast interpolated path planning function used to cre-
ate plans for the mobile base.
For determining the closest point, we used a planner that
assumes a circular robot and operates on a cost map, which
produces a global path from a starting robot pose to an end
pose in a grid. Then, an algorithm was used that searches
iteratively on the global path to find the closest points to
the current robot position. To solve ambiguity in case two or
more closest points are found, we implemented a look-ahead
checker, which processes past closest points and returns the
next closest point which is located ahead of the robot and has
the maximum orientation alignment with the current robot
pose.
Robot localization was performed using an Adaptive
Monte Carlo Localization (amcl) approach, which was im-
plemented in ROS as part of the nav stack package and
provides an estimate of the robot’s pose against a known
map. It continuously registers the robot pose on the map and
corrects possible odometry errors.
An obstacle map based on the front laser scanner was
constructed in order to provide information about the closest
obstacle in defined zones around the robot. We splitted the
area in front of the robot into 5 zones and computed the
distance of the nearest obstacle in each zone to the robot,
see Fig. 8 for a snapshot.
6.1.2 Test Scenarios
The presented approach was tested using two scenarios. In
the first scenario the integration of the cognitive, sensorial
and physical assistance was tested, while in the second sce-
nario we specifically investigated the performance of the re-
alized sensorial assistance and its ability to avoid obstacles
or allow their intentional approach.
Scenario I: The user was asked to define a desired desti-
nation on the map of the experimental area shown on the
screen mounted on the robot frame. According to the user’s
choice, a reference path was automatically generated to the
final destination. The user was asked to follow the path while
trying to deviate from the path at least once. At half way, an-
other human was asked to pass in front of the robot simulat-
ing a dynamic obstacle. The user was instructed to not pay
attention to this dynamic obstacle, pretending of not having
noticed it. Towards the end of the path the user was asked to
keep the robot orientation slightly off the reference path to
test the effect of the robot physical assistance.
The parameters used for realizing the cognitive assis-
tance were as follows: NC = 2500, kC,e = 5 and kC,θe =
10. We considered µC = 0.6 in order to increase certainty
in the decision making and to avoid chattering. For the sen-
sorial assistance functionality, we set dobs,max = 0.85m,
NS = 2500 and µS = 10. For the overall assistance we
exaggerated the value of lcal,fat = 1000 for the sake of pre-
sentation to be able to detect human fatigue after a short du-
ration of walking, although the real value of lcal,fat is much
higher and can be determined from literature. We mostly fo-
cused on the error of the robot orientation with respect to the
reference path in order to actively point the human towards
the destination. Therefore, we set kO,θe = 8, kO,e = 5 and
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Fig. 8 Snapshots taken during human-robot cooperation in scenario I. The map of the area is depicted in gray, while the dark gray areas show the
occupied static obstacles found during the map building. The yellow points indicate the location of observed obstacles during the experiment. The
blue point clouds are clusters around each obstacle in the vicinity of the robot (this is only for presentation purposes and has no application in the
presented approach). The area in front of the robot is divided into 5 zones as shown in thick red lines. The generated reference path is presented by
thin red, while the path the robot passed is shown with yellow line (can be seen near the reference path behind the robot). Each snapshot presents
the following information from left to right, 1: initial phase of walking where no obstacles are detected and the user is well following the path, 2:
a dynamic obstacle moves in front of the robot, 3: the user is deviating from the reference path, 4: increase of the user’s deviation is restricted by
the robot and therefore the user comes back to the path, 5: the user keeps an orientation error at the end of the experiment, and 6: the robot overall
assistance recovers the orientation error.
Table 1 Defined reward functions for robot assistance.
reward function
cognitive assistance
rT,C(pT,C) = pT,C
3 − 0.1
rA,C(pA,C) = −pA,C
3 + 0.8
sensorial assistance
rT,S(pT,S) = 0.95pT,S
3 + 0.05
rA,S(pA,S) = −(pA,S − 0.1)
2 + 0.81
physical assistance
rT,O(pT,O) = 0.9pT,O + 0.1
rF,O(pF,O) = −0.45pF,O + 0.8
kO,obs = 1. Further, the values of NO = 10
4 and µO = 12
were selected. The value of the forgetting factor λ = 0.6was
considered for all cases. To fulfill the requirements of the de-
sired robot assistance in all three cases, the reward functions
were defined as presented in Table 1. Moreover, the parame-
ters for the desired inertia of the admittance controller were
considered to bemx = 15 kg and Iθ = 5 kgm
2.
Figure 8 shows some snapshots taken during the ex-
periment. The map of the experimental area, the robot and
defined obstacle zones, detected obstacles at the front and
around the robot as well as the desired and traveled path are
shown.
At the beginning of the experiment a dynamic obstacle
(another person) was passing in front of the robot (≈ 30 <
t < 32s). As depicted in Fig. 9, when the robot approaches
the obstacle the task performance measure increases. More-
over, since the user was asked to not react to the obstacle,
the agreement measure between the robot being interested
in avoiding the obstacle and the human not reacting prop-
erly decreases. Taking into account the defined reward struc-
ture, the human receives a quite low reward which results
in triggering the robot decision to increase the robot assis-
tance which was achieved by automatically increasing the
damping factor and therefore reducing the robot approach-
ing velocity to the obstacle. As soon as the dynamic ob-
stacle passed the robot and the risk of collision reduced
again, the robot decided to return the authority of control-
ling the motion of the robot to the user, which happened
quite smooth, but fast (with respect to the first decision of
increasing the assistance) in order to avoid the user pushing
against a blocked robot while there is no obstacle in front of
it.
When trying to deviate from the path (≈ 35 < t < 37 s)
as shown in Fig. 10 the task performance measure increases,
while the agreement measure decreases as the robot pre-
ferred to stay on the path, while the human was deviating
from it. Therefore the robot assistance hindering the user
from further deviating from the path is activated and the
value of the damping dθ is increased. This notifies the user
that the current direction of motion is not aligned with the
desired reference path. However, as soon as the user adapts
his input and aligns the robot with the desired path, the robot
assistance quickly returns the authority to control the plat-
form to the user.
For the last part of the path when the user was simu-
lating fatigue, we considered a value of lcal,fat = 10
4 in
order to visualize the effect of the realized algorithm even
after only 50 s of walking, see Fig. 11. With increasing du-
ration of the human walking, the estimation of the human
fatigue, and thus the corresponding performance measure,
increased, while the overall human task performance mea-
sure varies according to the distance of the human to obsta-
cles and the overall deviation from the path and orientation
error 4. By increasing the orientation error in the last phase
4 Please note that emphasizing mostly on the orientation error in
the overall task performance measure was assumed only for the sake
of presentation. However, one may associate different values for the
contribution of each of the terms to the overall task performance.
An Integrated Decision Making Approach for Adaptive Shared Control of Mobility Assistance Robots 13
of the experiment, the corresponding performance measure
was influenced and therefore a lower reward was associated.
This resulted in a change of the decision towards increasing
the level of active assistance by increasing the robot contri-
bution to the control of the robot’s orientation. Therefore the
value of k2 was increased to its maximum which we consid-
ered to be 0.6 for the sake of safety.
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Fig. 9 Results of the sensorial assistance during human-robot cooper-
ation in scenario I.
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Fig. 10 Results of the cognitive assistance during human-robot coop-
eration in scenario I.
Scenario II: In this scenario we focused on the evaluation of
the robot sensorial assistance and tested the functionality of
distinguishing between approaching obstacles either inten-
tionally or accidentally. To be able to focus on the sensorial
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Fig. 11 Results of the physical assistance during human-robot cooper-
ation in scenario I.
assistance functionality, the cognitive and overall assistance
were deactivated to prevent the results being influenced by
these other assistances. Figure 12 shows the snapshots taken
during the experiment.
Two static obstacles were positioned in front of the
robot, one after the other in heading direction. A third ob-
stacle (table) was further considered as an intentional goal.
The user was asked to approach the table and grasp an ob-
ject located on it assuming the two obstacles are initially not
detected due to e.g. bad sight. As shown in Fig. 13, when
approaching the first two obstacles (the first at ≈ 36 < t <
37.5 s and the second at ≈ 40 < t < 43 s), the robot
task performance measure is increased while the agreement
measure is decreased, which implies a risk of collision. The
robot correctly decides to prevent the collision with obsta-
cles as the value of the damping factor dx is increased and
only returns the authority to the human once he/she changed
the orientation of the robot and thus, the risk of collision de-
creased (damping factor dx was decreased fast). However, in
the third case where the human pushed the robot towards the
intentional obstacle (at ≈ 46 < t < 52 s), the robot initially
reduced the approaching velocity (value of the damping fac-
tor dx was increased), but then it returned the authority to the
human to allow for further safe approach to the intentional
obstacle (value of the damping factor dx was reduced to
30). This change in the authority allocation happened even
though task performance was low (task performance mea-
sure high) as the robot was in a very close distance to the
obstacle.
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Fig. 12 Snapshots taken during human-robot cooperation in scenario II. The map of the area is depicted in gray, while the dark gray areas show
the occupied static obstacles found during the map building. The yellow points indicate the location of observed obstacles during the experiment.
The blue point clouds are clusters around each obstacle in the vicinity of the robot (this is only for presentation purposes and has no application
in the presented approach). The area in front of the robot is divided into 5 zones as shown in thick red lines. The path that the robot passed is
shown with yellow line behind the robot. Each snapshot presents the following information from left to right, 1: initial phase of walking where
an obstacle is detected in front of the robot, 2: close distance between the robot and obstacle which increases the risk of collision resulting in the
robot reaction to avoid collision, 3: the second obstacle is detected and the robot reacts to avoid collision, 4: the user is guiding the robot towards
a new obstacle he wants to approach intentionally, 5: the robot allows for a very close approach of the intentional obstacle, and 6: the user leaves
the intentional obstacle.
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Fig. 13 Results of the sensorial assistance during human-robot coop-
eration in scenario II.
6.2 User Study
An intensive evaluation with 35 elderly subjects was per-
formed to assess the effectiveness of the proposed adaptive
shared control approach. Thirty one women and four men
participated in the evaluation which took place for six weeks
at the rehabilitation centre of the Agaplesion Bethanien Hos-
pital/Geriatric Centre at the University of Heidelberg. The
average age of subjects was 84.3 ±5.4, ranging from 71 to
94 years. The study sample comprised frail older persons as
expressed by impaired motor status (Performance Oriented
Mobility Assessment, [60]: 20.3 ±5.4; gait speed, 5-chair
stand test [19]: 0.48 ±0.16 m/s, 19.2 ±7.5 s) and high risk
of falling (63 % of subjects reported one or more falls in the
last year). All subjects currently used conventional walkers
in their daily routine. The experiments were performed un-
der ethical approval by the ethics committee of the Medical
Department of the University of Heidelberg, Alte Glock-
engießerei 11/1, 69115 Heidelberg, Germany. Written in-
formed consent was obtained from all subjects participating
in the study.
6.2.1 Test Conditions
The adaptive shared control approach for sensorial assis-
tance has been implemented on the robotic platform and was
compared with an existing approach in literature. We con-
sidered three different conditions:
– C1: Walking assistance without obstacle avoidance
functionality implementing a constant virtual inertia and
damping.
– C2: Walking assistance with obstacle avoidance based
on the approach presented by [24].
– C3: Walking assistance with obstacle avoidance based
on the decision-making algorithm presented in this
manuscript.
The main reason for focusing on the evaluation of the
sensorial assistance in the user study is that beside the base-
line C1 there is hardly any directly comparable algorithm
available for the other two modes.
For a fair comparison, base values of mx = 15 kg and
Iθ = 5 kgm
2, and of dx = 10 Ns/m and dθ = 10 Nms/rad
were considered for each condition. These values were se-
lected after discussion with rehabilitation experts. Although
the above mentioned values were considered constant for
condition C1, the value of dx and dθ were adapted up to
their maximum of dx,max = 110 Ns/m and dθ,max =
80 Nms/rad in C2 and C3. The maximum values were se-
lected following discussions with rehabilitation experts as
well as tests to achieve a good maneuverability of the device
with respect to a standard non-motorized walker. We con-
sidered 70 cm distance between the robot and obstacles as
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the activation distance, i.e. the base values were considered
in C2 and C3 only for distances larger than 70 cm, while the
adaptation laws were applied for distances less than 70 cm.
6.2.2 Experimental Setup
A special test environment was prepared within the
Bethanien rehabilitation center to test the proposed adaptive
shared control approach. Figure 14 shows the map of the test
environment and a representative example of a test path. The
test environment covered an area of about 10× 9 m with an
approximate length of 40 meters of test path starting from
an initial position, passing through the narrow corridor by
avoiding obstacles and coming back to the same initial po-
sition. The height of obstacles varied in different sections of
the area. The considered round trip allowed us to record the
same number of left and right turns. Over the whole trial the
user was faced to 17 obstacles, and a minimum amount of
16 turns either to avoid collisions with obstacles or to per-
form turns along the path. No reference path was marked on
the ground during tests.
2 m
Fig. 14 Map of the evaluation course. The main walking area has a size
of about 10 x 9m. The corridor included three sections with obstacles
and one turning area in which participants had to drive round a pillar
(area (4)) before driving back to the very beginning of the course. The
height of obstacles varied in the different sections as follows: 90 cm
(1), 50 cm (2)+(3).
6.2.3 Evaluation Method
Before participants completed the test trials, each of them
was asked to drive freely through the course. For this
first run, no instructions concerning obstacle avoidance and
walking speed were given by the test supervisor, and no sen-
sorial assistance was provided by the robot platform. This
trial was intended to familiarize the participants with the de-
vice and course.
Each participant then completed the obstacle course un-
der three different conditions mentioned in Section 6.2.1.
The order of the conditions tested with each participant
was randomized to exclude learning effects. The participants
were not told which condition was used during the three dif-
ferent trials. Before starting each trial, the participants were
instructed to complete the course as fast as possible. After
each trial, a sufficient recovery phase was provided to the
participants in order to prevent fatigue.
6.2.4 Evaluation Results
Two performance metrics were considered in order to verify
the effectiveness of the proposed sensorial assistance: num-
ber of collisions (with the front of the robotic platform) and
task completion time.
Differences in the number of collisions and task com-
pletion time between the three conditions were statistically
analysed by a one-way analyses of variance (ANOVA) and
obtained results are shown in Figs. 15, 16 and 17. No sig-
nificant differences between conditions C1, C2 and C3 were
identified in terms of task completion time. However, sig-
nificant differences were found for the number of collisions
and approaching velocity to obstacles. Post-hoc tests (Bon-
ferroni corrected) showed a reduced number of collisions
and reduced approaching velocity for C3 (sensorial assis-
tance based on decision making algorithm) compared to
condition C1 (p < .05), but no significant differences be-
tween other conditions (C2 vs. C1 / C3: p = .07/.99). The
lowest approaching velocity to obstacles was found for C3.
Fig. 15 Completion time in the user study under three conditions (C1,
C2, and C3).
6.3 Discussion
The technical performance of the proposed approach was
tested in two scenarios and resulted in the desired robot
behavior as the robot cognitive, sensorial and physical as-
sistance were activated as needed. The effectiveness of the
proposed approach was demonstrated in the performed user
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Fig. 16 Recorded number of collisions in the user study under three
conditions (C1, C2, and C3).
Fig. 17 Recorded average approaching velocity to obstacles in the user
study under three conditions (C1, C2, and C3).
study with end-users. The lowest number of collisions,
alongside with the lowest approaching velocity to obstacles
was found when the user was passing the obstacle course
using our newly proposed algorithm. However, similar task
completion times for all conditions indicated that the pro-
posed sensorial assistance approach does not interfere with
the normal activity of the patients and furthermore guaran-
tees a safe intentional approach to obstacles if needed.
One of the main practical challenges in the presented
work was tuning basic and maximum values of adjustable
parameters. We finally agreed on the chosen values based
on discussions with experts. Further, the selection of suit-
able performance metrics and reward structures strongly af-
fects the performance of the algorithm and a series of al-
ternative performance metrics and related reward structures
could have been chosen instead. We don’t argue that our se-
lection is the best, but that it fulfills the desired purpose of
improving sensorial, cognitive and physical assistance.
7 Conclusion
An integrated approach for the context-specific, on-line
adaptation of the assistance provided by a rollator-type
MAR is presented. The shared control architecture distin-
guishes between short-term adaptations providing a) cogni-
tive assistance to support the user to follow a desired path
towards a predefined destination and b) sensorial assistance
to avoid collisions with obstacles and to allow for an inten-
tional approach of them. Further, it considers a long-term
adaptation of c) the physical assistance based on long-term
user performance and observed fatigue. To achieve an intu-
itive and human-like adaptation policy of the provided as-
sistance, a decision making model explored in cognitive sci-
ence, the Drift-Diffusion model, was employed.
We illustrated the effectiveness of the proposed archi-
tecture by means of experiments technically validating each
of the three aforementioned functionalities of the architec-
ture. Moreover, the performance of the algorithm with real
end-users was demonstrated by conducting a user study
with 35 elderly focusing specifically on the sensorial as-
sistance functionality. Obtained results indicate that the re-
quired functionalities can be realized with the proposed de-
cision making algorithm showing a general high potential of
the proposed adaptive shared control architecture for MAR.
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ABSTRACT 
Aim: To evaluate the effectiveness and user satisfaction with the sit-to-stand (STS) assistance 
system of a smart walker (SW) and to identify factors associated with them in potential users. 
Methods: Thirty-three older adults (29 females, ≥65 years) with motor impairments (habitual 
rollator use) and no severe cognitive impairment (Mini-Mental State Examination ≥17 pt.) per-
formed a five-chair stand test (5CST) without assistance and five STS transfers with the STS 
assistance system. Based on the number of successfully completed STS transfers, success 
rates were calculated for the 5CST and the SW-assisted STS transfers and compared using 
Wilcoxon signed-rank test. User satisfaction was assessed using the Telehealthcare Satisfac-
tion Questionnaire-Wearable Technology (TSQ-WT = 0-80 pt., higher score = higher satisfac-
tion). Bivariate correlations and multiple linear regression analyses were used to identify par-
ticipant characteristics associated with the success rate and user satisfaction with the STS 
assistance system. 
Results: Success rate for the SW-assisted STS transfers was significantly higher than for the 
5CST (93.3 ±12.9% vs. 54.5 ±50.6%; P <0.001). User satisfaction was high (TSQ-WT = 62.5 
±11.2 pt.). Success rate with the STS assistance system was not significantly associated with 
any participant characteristics. Higher body mass index was a significant independent predic-
tor of higher user satisfaction. 
Conclusions: The SW-integrated STS assistance system can provide effective STS support 
with high user satisfaction for a wide range of potential users. Our findings suggest the high 
potential of the STS assistance system for promoting mobility, independence and quality of life 
in older adults with motor impairments. 
 
Keywords: elderly, evaluation studies, mobility limitation, robotics, walkers. 
 
INTRODUCTION 
The ability to transfer from a sitting to a standing position is a prerequisite for mobility, inde-
pendence, and quality of life (QoL) in older adults.1,2 However, personal determinants for the 
sit-to-stand (STS) transfer such as muscle strength, motor planning and control, joint mobility, 
and balance3,4 decline during the aging process,5,6 and many older adults show STS difficulties, 
which have been associated with increased risk of falling and subsequent disability, institution-
alization and mortality in older adults.2,7 In nursing home residents, the STS transfer has even 
been identified as the activity most frequently performed prior to falling.8 Assisting the STS 
transfer might therefore be highly beneficial for older adults with STS difficulties to reduce their 
risk of falling and to promote their mobility, independence and QoL.  
Recent technological advances have led to the development of smart walkers (SWs), which 
are no longer limited to only providing walking assistance but integrate smart functionalities 
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such as obstacle avoidance, navigation assistance, fall prevention, and/or gait tracking.9 Some 
SWs can also provide STS assistance. Different technical solutions have been proposed for 
implementing such STS assistance into a SW, ranging from (1) basic, passive solutions, in 
which the braking system of the SW are activated while they grasp the handles and pull them-
selves up from the sitting position, through (2) more active solutions, in which the SW motion 
is controlled in the forward direction to pull up the user from sitting while grasping the handles, 
to (3) more complex, active solutions, in which the user is assisted during the entire STS mo-
tion by specifically designed trajectories of a manipulated STS supporting element (e.g., fore-
arm or chest support) to achieve optimal transfer characteristics.9 Independent of the technical 
implementation, previous evaluation studies of SW-integrated STS assistance systems suffer 
from methodological limitations, including small sample sizes, inadequate selection of partici-
pants, lack of assessment strategies specifically tailored to the STS assistance system, lack 
of user satisfaction measures, and/or lack of inferential statistical analyses.10-13 To our 
knowledge, factors predictive for the effectiveness and user satisfaction have also not yet been 
investigated. 
In a previous paper,11 we described the technical details of the SW-integrated STS assis-
tance system to be evaluated in this study. We also presented initial descriptive data on the 
effectiveness and user satisfaction with the system in potential SW users; however, we did not 
provide more detailed statistical analyses of these results and did not analyze participant char-
acteristics that might have affected the effectiveness or user satisfaction. 
In summary, the aim of this study was to evaluate the effectiveness and user satisfaction 
with a SW-integrated STS assistance system and to identify factors associated with them in 
potential SW users. 
 
METHODS 
This study was conducted between 1st November and 5th December 2014, with approval from 
the Ethics Committee of the Medical Faculty of the University of Heidelberg (S-358/2013) and 
in accordance with the Declaration of Helsinki. Written Informed consent was obtained from all 
participants included in the study. 
 
MOBOT smart walker  
The four-wheeled SW used in this study was developed in the MOBOT project (“Intelligent 
Active MObility Aid RoBOT integrating Multimodal Sensory Processing, Proactive Autonomy 
and Adaptive Interaction”) and integrates innovative functionalities such as STS assistance, 
obstacle avoidance, navigation assistance, user following, gait tracking, and audio-gestural 
human-robot interaction into an overall context-aware mobility assistance robot.14-17 Its STS 
assistance system is based on two actuated arms providing active assistance during the entire 
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STS motion via individualized robot handle trajectories (positions, velocities, accelerations) 
specifically tailored to the user’s specific anthropometrics and motor impairment level. A de-
tailed description of the STS assistance system and the optimal assistive strategies used to 
support the participants in the STS transfer has been provided previously.11 
 
Study population 
Participants were recruited from rehabilitation wards of a geriatric hospital, from a hospital-
associated geriatric rehabilitation sports club, and from nursing homes. Following the criteria 
for the defined SW users,17 inclusion criteria were: age ≥65 years, moderate motor impairments 
(habitual rollator use in daily life and/or 4-m usual gait speed18 <0.6 m/s), and no severe cog-
nitive impairment (Mini-Mental State Examination19 [MMSE] score ≥17 pt.). 
 
Measurements 
Descriptive measures included age, sex, Body Mass Index (BMI), MMSE,19 Barthel Index,20 
Performance Oriented Mobility Assessment (POMA),21 4-meter usual gait speed test,18 falls in 
the previous year, Short Falls Efficacy Scale-International,22 15-item Geriatric Depression 
Scale,23 12-item Short-Form Health Survey,24 and living situation (community dwelling vs. in-
stitutionalized). 
STS measurements started with the Five-Chair Stand Test (5CST)2 to assess the partici-
pants’ general ability to stand up from a sitting position without assistance. As a standardized 
pre-test of the 5CST, participants were initially instructed to complete one chair stand (1CS). 
If they were unable to complete the 1CS after several trials, the 5CST was not performed. 
Participants who successfully completed the 1CS, were instructed to perform the actual 5CST 
(i.e. five STS transfers as fast as possible without assistance) once. The number of successful 
STS transfers in the 5CST and, if possible, the completion time for all five STS transfers in the 
5CST were recorded. After the 5CST, participants tested the SW-integrated STS assistance 
system, which was initially adapted to the anthropometrics and motor impairment level of each 
participant to provide a user-specific optimal robot handle trajectory for the STS assistance. 
The SW was placed in front of the seated participants and the SW handles was brought into 
the starting position such that they were in line with the participants’ trochanter major. Partici-
pants were then instructed to grip the handles and to trigger the STS assistance system by 
applying a small downward force on the handles, whenever they felt ready for the STS transfer. 
Each participant performed five STS trials with assistance of the SW, including short pauses 
in between to avoid exhaustion and in which the handles of the SW were brought back to the 
initial starting position. Figure 1 shows a sequence of snapshots taken during a STS transfer 
with the STS assistance system. The number of successful STS transfers with assistance of 
the SW was recorded. For all STS measurements, participants were seated on an arm- and 
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backless, height-adjustable chair with the seat placed at 100% knee height, measured as the 
distance from the left medial tibia plateau to the floor. 
User satisfaction with the STS assistance system was evaluated using the Telehealth-care 
Satisfaction Questionnaire-Wearable Technology (TSQ-WT; see Supplementary Document 
1).25 The TSQ-WT consists of six dimensions evaluating the benefit, usability, self-concept, 
privacy & loss of control, QoL and wearing comfort of a system. Each dimension includes five 
items rated on a 5-point Likert scale (0-4 pt.), with higher scores indicating more positive rat-
ings. The TSQ-WT has already been successfully used to evaluate the navigation assistance 
system of the SW26 and other robotic devices.27,28 It can be adapted to several systems and 
was customized to the STS assistance system by deleting the inappropriate dimensions of 
wearing comfort, which focuses on wearable technology, and privacy & loss of control, which 
focuses on long-term technology use.  
Main study outcomes were the (1) success rates [%] for the 5CST without assistance 
(SR5CST) and the STS trials assisted by the SW (SRSW), both calculated as (100  (number of 
successful STS transfers / 5); (2) TSQ-WT dimension scores (range 0-20 pt.), calculated as 
the sum of item scores, and (3) TSQ-WT total score (range 0-80 pt.), calculated as the sum of 
the TSQ-WT dimension scores. 
 
Statistical analysis  
Descriptive data were presented as frequencies and percentages, means and standard devi-
ations (SD), or medians and interquartile ranges (IQR). McNemar tests were used to compare 
the number of participants successfully completing the 1CS with those successfully completing 
the individual STS trials with the SW. Difference between the SR5CST and the SRSW was ana-
lyzed using the Wilcoxon signed-rank test. Effect size (ES) was calculated as (Z/√N) and in-
terpreted as small (<0.3), moderate (0.3<0.5), and large (≥0.5).29 To identify potential predic-
tors of the effectiveness and user satisfaction with the STS assistance system, bivariate asso-
ciations of participant characteristics with the SRSW and TSQ-WT total score were examined 
using Spearman rank or point-biserale correlations (r). The association of the TSQ-WT total 
score with the SRSW was also analyzed by Spearman rank correlation. Participant character-
istics that showed significant correlations were entered into multiple linear regression models 
(stepwise backward) to determine independent predictors of SRSW and TSQ-WT total score. A 
two-sided P-value of <0.05 indicated statistical significance. Statistical analysis was performed 
using IBM SPSS Statistics for Windows, Version 25.0 (IBM Corp., Armonk, NY, USA). 
 
RESULTS 
The sample included 33 older persons (females: n = 29, 87.9%) with a mean age of 84.6 
±5.0 years and no severe cognitive impairment (MMSE score = 24.9 ±3.9 pt.) who all used a 
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rollator as a mobility aid in everyday life (Table 1). Functional status was slightly impaired, with 
a median Barthel Index of 80.0 [67.5-95.0] points. Habitual gait speed averaged 0.47 ±0.13 
m/s and the mean POMA score was 20.0 ±5.4 points, indicating low motor performance and 
increased risk of falling.  
Fifteen participants (45.5%) were not able to complete the unassisted 1CS. Already in the 
first trial with the STS assistance system, the number of participants who successfully com-
pleted the STS transfer was significantly higher than in the unassisted 1CS (n = 28, 84.8% vs. 
n = 15, 45.5%, P = 0.003) and further increased over the subsequent trials (2nd: n = 29, 87.9% 
vs. n = 15, 45.5%, P = 0.003; 3rd: n = 31, 93.9% vs. n = 15, 45.5%, P <0.001), with all partici-
pants achieving the standing position in the fourth and fifth trial (n = 33, 100.0%). All partici-
pants who performed the unassisted 5CST (n = 18, 54.5%) completed five repeated STS 
transfers, with a mean completion time of 19.6 ±7.6 seconds. The SRSW was significantly 
higher than the SR5CST (93.3 ±12.9% vs. 54.5 ±50.6%, P <0.001), with a large effect size (ES 
= 0.62). User satisfaction with the STS assistance system was high, with all median TSQ-WT 
scores in the upper quartile of the scoring range (Table 2). 
None of the participant characteristics significantly correlated with the SRSW (r = |0.01-0.24|, 
P = 0.183-.999). BMI (r = 0.45, P = 0.009) and age (r = -0.38, P = 0.031) showed significant 
moderate correlations with the TSQ-WT total score, such that a higher BMI and younger age 
were associated with higher user satisfaction. All other correlations between the TSQ-WT total 
score and participant characteristics were not significant (r = |0.01-0.29|, P = 0.156-.905). No 
significant correlation was also found between the TSQ-WT total score and the SRSW (r = -
0.26, P = 0.148). In the linear regression model, only a higher BMI was identified as a signifi-
cant independent predictor of higher user satisfaction (β = 0.48, R2 = 0.23, P = 0.005). 
 
DISCUSSION 
This study shows that the SW-integrated STS assistance system was highly effective for sup-
porting the STS transfer in older adults with motor impairments. To our knowledge, this is the 
first study that provides statistical evidence on the effectiveness of such system in the intended 
user group of a SW. Our results further demonstrate high user satisfaction with the STS assis-
tance system among potential SW users, with those having higher BMI being more satisfied. 
The general STS ability of the participants was low, with only about half of them able to 
stand up unassisted. Already in the first trial with the STS assistance system, a significantly 
higher proportion of participants achieved the standing position, suggesting that the system 
can initially provide an easy-to-handle and effective STS assistance for potential users. Par-
ticipants initially not able to stand up with the STS assistance system became also quickly 
familiar, as indicated by the finding that all participants achieved the standing position with its 
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assistance not later than with the fourth trial. As documented by the significantly higher suc-
cess rate with the STS assistance system than without its assistance, the added value of this 
system for the intended user group is evidenced by statistical analysis, which was lacking in 
previous evaluation studies of SW-integrated STS assistance systems.10-12 
Based on a comprehensive questionnaire, our results revealed high user satisfaction with 
the STS assistance system in several dimensions. To our knowledge, such multidimensional 
subjective evaluation measure has not yet been used in previous studies for evaluating such 
SW-integrated systems. High scores across the different dimensions emphasized that (1) the 
STS assistance system provided a benefit for the participants by helping them to stand up; (2) 
it was perceived as easy-to-use, not requiring much effort and not causing feelings of insecurity 
or indisposition; (3) its use was an interesting challenge for them, and they were not reminded 
of losing their independence nor would they feel embarrassed when using it in public, and (4) 
it could have the potential for promoting the user’s well-being, social contacts, independence 
and QoL.  
The user satisfaction with the STS assistance system was comparably high to that previ-
ously reported for the SW-integrated navigation assistance system, as also assessed using 
the TSQ-WT in a similar study population.26 Concerning the satisfaction in different dimen-
sions, it even seems that potential users might perceive a SW-integrated STS assistance sys-
tem as being more beneficial and having a greater potential to improve their QoL than a SW-
integrated navigation assistance system. 
The success rate with the STS assistance system was not related to specific participant 
characteristics, suggesting that it may be effective for a wide range of potential SW users. The 
individualized assistive STS strategy in terms of adapting the robot handle trajectory of the 
STS assistance system to the specific participant may explain this finding.  
Higher user satisfaction was found to be independently associated with higher BMI. A po-
tential explanation for this might be that participants with higher BMI had to exert more physical 
effort to successfully complete the unassisted STS transfer and therefore perceived the reduc-
tion of physical exertion from the STS assistance system more clearly than participants with 
lower BMI, who usually perceived less physical exertion when completing functional tasks.30 
Measuring the perceived physical exertion in future studies evaluating SW-integrated STS as-
sistance systems may provide further support for this explanation.  
User satisfaction was not related to the success rate with the STS assistance system, indi-
cating that participants who initially had difficulties in standing up with the SW were still satis-
fied with the STS assistance system. The failed trials in the initial phase of using the system 
seem to have been well-accepted by the participants and did not negatively affect their user 
satisfaction. 
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The strength of this study was its approach to avoid the methodological limitations of previ-
ous studies evaluating STS assistance systems or other innovative SW functionalities.13 It ex-
tends the previous research by including a reasonable number of representative SW users; 
using a comparative study design for effectiveness testing (i.e. unassisted vs. assisted STS 
transfer) and an assessment strategy specifically tailored to the STS assistance system to 
document its specific effect; using a comprehensive questionnaire on the user satisfaction with 
the STS assistance system; investigating potential factors associated with the effectiveness 
and user satisfaction, and analyzing data obtained by statistical methods. 
The study also has some limitations. Although our sample size was much larger than in 
previous studies evaluating SWs and integrated STS assistance systems, it was relatively 
small, which may have limited the statistical power. However, post-hoc power analyses re-
vealed a power of 92.3-92.9% for the McNemar tests (OR = 11.1-12.1, α = 0.05, D = 0.363-
0.364), 98.6% for the Wilcoxon signed-rank test (dz = 0.77, α = 0.05), and 86.0% for the linear 
regression model (R2 = 0.23, α = 0.05, number of predictors = 1). Our participants were pre-
dominantly females, limiting the generalizability of the results to males. Consequently, the find-
ing that gender was not related to the effectiveness and user satisfaction with the STS assis-
tance system may have also be limited by the small number of male participants. The five STS 
trials with the STS assistance system included short pauses in between, while the 5CST had 
to be performed as fast as possible without pauses. This could have led to a reduced SR5CST 
due to exhaustion; however, all participants able to perform the 5CST achieved the maximum 
SR5CST of 100% despite maximum STS pace. The STS assistance system was tested only for 
a small number of trials within a controlled laboratory environment, as limited by the prototype 
status of the SW. Future studies with a more advanced version should include evaluations 
after prolonged use in more natural environments. 
In conclusion, the present study highlights that the SW-integrated STS assistance system 
can provide effective support for the STS transfer of potential SW users, with high user satis-
faction. Our findings suggest the high potential of the STS assistance system to promote mo-
bility, independence and QoL in older adults with motor impairments. Future SW developments 
may consider the implementation of STS assistance systems that allow for individual adaption 
to the user. 
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Table 1 Participant characteristics 
 
Variables n = 33 
Age, years 84.6 ± 5.0 
Sex, females 29 (87.9) 
Body Mass Index, kg/m2 26.8 ± 3.3 
Mini-Mental State Examination, score 24.9 ± 3.9 
Barthel Index 80.0 [67.5-95] 
Performance Oriented Mobility Assessment, score 20.1 ± 5.4 
4-meter walk test, m/s 0.47 ± 0.13 
Fall in the previous year 21 (63.6) 
Short Falls Efficacy Scale-International, score 9 [7-12] 
15-item Geriatric Depression Scale, score 2 [1-3] 
12-item Short Form Health Survey, score  
Physical component 34.4 ± 9.6 
Mental component 53.6 ± 9.4 
Living situation  
Community-dwelling 26 (78.8) 
Institutionalized 7 (21.2) 
Data presented as mean ± SD, n (%), and median [IQR].  
 
 
 
Table 2 User satisfaction with the sit-to-stand transfer assistance system of the smart walker: 
Dimension scores and total score of the Telehealthcare Satisfaction Questionnaire – Wearable 
Technology  
 
TSQ-WT dimension n Mean ± SD Median [IQR] 
Benefit (0-20 pt.) 33 15.5 ± 4.4 16 [13-19] 
Usability (0-20 pt.) 33 16.7 ± 2.9 17 [15-19] 
Self-concept (0-20 pt.) 33 14.6 ± 3.7 15 [13-20] 
Quality of life (0-20 pt.) 33 15.1 ± 3.2 16 [13-20] 
Total score (0-80 pt.) 33 62.5 ± 11.2 62 [56-71] 
Data presented as mean ± SD and median [IQR]. TSQ-WT, Telehealthcare Satisfaction 
Questionnaire – Wearable Technology. Higher scores indicate more positive ratings. 
 
  
186   Manuskript VI 
Table 3 Bivariate correlations of participant characteristics with the effectiveness and user 
satisfaction with the sit-to-stand transfer assistance system of the smart walker 
 
Variables SRSW TSQ-WT total score 
Age -0.06 -0.38* 
Sex† 0.05 0.07 
Body Mass Index -0.19 0.45** 
Mini-Mental State Examination -0.14 -0.06 
Barthel Index -0.01 -0.12 
Performance Oriented Mobility Assessment 0.21 -0.15 
4-meter walk test -0.15 -0.18 
Fall in the previous year <0.01 -0.07 
Short Falls Efficacy Scale-International -0.02 -0.14 
15-item Geriatric Depression Scale 0.24 -0.05 
12-item Short Form Health Survey   
Physical component 0.09 -0.04 
Mental component -0.10 0.25 
Living situation†† 0.08 0.02 
Correlations given as Spearman rank or point-biserale correlations coefficients. SRSW, suc-
cess rate for the sit-to-stand transfers with assistance of the smart walker. TSQ-WT, Tele-
healthcare Satisfaction Questionnaire – Wearable Technology. †0 = female, 1 = male; ††0 = 
community-dwelling, 1 = institutionalized; *p < .05, **p < .01. 
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Figure legends 
 
Figure 1 Sequence of snapshots taken during a sit-to-stand transfer with assistance of the 
smart walker 
 
 
List of Supporting information 
 
Supporting Document 1 Telehealthcare Satisfaction Questionnaire – Wearable Technology 
(TSQ-WT) adapted to the evaluation of the sit-to-stand assistance system of the smart walker 
  
  
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Sequence of snapshots taken during a sit-to-stand transfer with assistance of the smart walker 
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Supporting Document 1 
 
Telehealthcare Satisfaction Questionnaire – Wearable Technology (TSQ-WT) adapted to 
the evaluation of the sit-to-stand assistance system of the smart walker 
 
Dimension Statement 
0 1 2 3 4 
Strongly 
disagree 
 Disagree Neutral Agree 
Strongly 
agree 
Benefit 1 I can benefit from this sit-to-stand assis-
tance system.  
□ □ □ □ □ 
2 The effort of using this sit-to-stand assis-
tance system is worthwhile for me. 
□ □ □ □ □ 
3 I am confident I’m getting the most out of 
this sit-to-stand assistance system.  
□ □ □ □ □ 
4 This sit-to-stand assistance system is 
helping me to stand up from a chair. 
□ □ □ □ □ 
5 I would recommend this sit-to-stand as-
sistance system to other people in my 
situation. 
□ □ □ □ □ 
Usability 1 The use of this sit-to-stand assistance 
system requires effort.† □ □ □ □ □ 
2 The sit-to-stand assistance system is re-
liable according to my estimation and ex-
perience so far. 
□ □ □ □ □ 
3 This sit-to-stand assistance system is 
easy to use. 
□ □ □ □ □ 
4 I feel safe when using this sit-to-stand 
assistance system. 
□ □ □ □ □ 
5 I feel good while using this STS assis-
tance system. 
□ □ □ □ □ 
Self-con-
cept 
1 The use of this sit-to-stand assistance 
system is an interesting challenge for 
me.  
□ □ □ □ □ 
2 This sit-to-stand assistance system re-
minds me of losing my independence.† □ □ □ □ □ 
3 The use of this sit-to-stand assistance 
system is making me feel older than I 
am.†  
□ □ □ □ □ 
4 I (would) feel embarrassed using this sit-
to-stand assistance system visible 
around others.† 
□ □ □ □ □ 
5 I like to use technological products or 
systems like this sit-to-stand assistance 
system. 
□ □ □ □ □ 
Quality 
of life 
1 Using this sit-to-stand assistance system 
could improve my physical well-being. 
□ □ □ □ □ 
2 This sit-to-stand assistance system 
evokes unpleasant feelings.† □ □ □ □ □ 
3 This sit-to-stand assistance system could 
enhance my social contacts. 
□ □ □ □ □ 
4 This sit-to-stand assistance system could 
help me to maintain or increase my inde-
pendence. 
□ □ □ □ □ 
5 The use of this sit-to-stand assistance 
system has a positive effect on me. 
□ □ □ □ □ 
†These items are scored in reverse order (4 = strongly agree, 3 = agree, 2 = neutral, 1 = disagree, 0 = strongly disa-
gree). Note. The original version of the Telehealthcare Satisfaction Questionnaire – Wearable Technology (TSQ-WT) 
is available from https://site.unibo.it/hfrs/en/questionnaires/tsq-wt/tsq-wt.pdf/@@download/file/TSQ-WT.pdf  
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ABSTRACT 
Older adults who require assistance in bathing may wish to be personally in-
dependent in this intimate activity. Bathing robots represent an option for them 
to foster independence while preserving privacy. Making human-robot interac-
tion (HRI) for elderly as easy, effective and user-satisfying as possible is, how-
ever, a major challenge in the development of such robots. The study aim was 
to evaluate the effectiveness (EF) and user satisfaction with three operation 
modes (autonomous operation, shared control, tele-manipulation) for the HRI 
with a bathing robot in potential users. Twenty-five older persons with bathing 
disability tested the robot’s operation modes in a water pouring scenario for 
the upper back. Autonomous operation led to maximum EF. In the shared con-
trol and tele-manipulation mode, EF was rather low and worse than in auton-
omous operation (p≤0.001). EF decreased with decreasing robot assistance 
in the user-controlled modes (p=0.009-0.016). User satisfaction with the au-
tonomous operation was higher than with the tele-manipulation mode 
(p=0.003) and in trend (p=0.071) also than with the shared control mode. Our 
study suggests that for an effective and highly satisfying HRI with a bathing 
robot in older users, operation modes with high robot autonomy that require a 
minimum of user input seem to be necessary. 
 
Keywords: robotics; activities of daily living; baths; aged; human-robot interaction. 
 
INTRODUCTION 
Limitations in activities of daily living (ADLs) increase with age (Chatterji, Byles, Cutler, 
Seeman, & Verdes, 2015) and are significant predictors of loss of independence and mor-
tality (Gill, Allore, & Han, 2006; Luppa et al., 2010; Manton, 1988; Rozzini, Sabatini, 
Ranhoff, & Trabucchi, 2007). Among ADL limitations, those in bathing activities are one of 
the first to occur during the aging process (Jagger, Arthur, Spiers, & Clarke, 2001; Katz, 
Ford, Moskowitz, Jackson, & Jaffe, 1963) and have even been identified as a seminal point 
in the disabling process for older adults (Gill, Allore, et al., 2006; Gill, Guo, & Allore, 2006). 
Bathing represents one of the most complex ADLs (Gerrard, 2013), for which institutional-
ized and non-institutionalized older adults require personal assistance more frequently than 
for other ADLs (dressing, transferring, toileting, eating) (Wiener, Hanley, Clark, & Van Nos-
trand, 1990). Prevalence rates for bathing disability (defined as the need for personal as-
sistance) in community-dwelling older adults have been reported to increase with age from 
4.6-8.6% in those ≥65 years (Wiener et al., 1990) to 21.0% in those ≥85 years (Dawson, 
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Hendershot, & Fulton, 1984). In institutionalized settings such as nursing homes or personal 
care facilities, an even much higher prevalence rate of bathing disability (≥90%) has been 
documented (Jones, Dawyer, Bercovitz, & Strahan, 2009; Wiener et al., 1990). The demo-
graphic change towards an aging society will further increase the number of older adults in 
need for bathing assistance, and thus also the burden of formal and informal care system. 
As bathing is one of the most sensitive and intimate ADLs, some older adults might wish to 
be independent from personal assistance in bathing as long as possible (Ahluwalia, Gill, 
Baker, & Fried, 2010). Addressing these issues, an assistive bathing robot represent an 
option for older adults with bathing disability to sustain their autonomy in bathing, to reserve 
their privacy, and to reduce the burden of caregivers.  
One of the most crucial challenges in the successful development and application 
of assistive robots in older adults lies in how to make interaction with the robot as easy, safe 
and efficient as possible for this user group (Ka, Ding, & Ravishankar, 2015), in which low 
technology experience and negative attitudes towards robot assistance is not uncommon 
(Dyck & Smither, 1994; Scopelliti, Giuliani, D’Amico, & Fornara, 2004). Depending on the 
operation mode, various cognitive abilities (e.g., attention, working memory, information 
processing) can be relevant for the human-robot interaction (HRI) with the assistive robot. 
Most of these cognitive abilities, however, show a pronounced decline across the life span 
into old age (Craik & Salthouse, 2008; Harada, Natelson Love, & Triebel, 2013), and cog-
nitive impairment is frequently observed in older adults with ADL limitations (Gure, Langa, 
Fisher, Piette, & Plassman, 2013; Hakkinen et al., 2007). If the operation of the assistive 
robot is cognitively too demanding and too difficult to learn or use the HRI will not be effec-
tive and the assistive robot will not be successful in accomplishing the task(s) for which it 
was developed (Chung, Wang, & Cooper, 2013). In addition, the user’s perception of his/her 
own overload in operating the assistive robot may reduce the self-efficacy and reinforce the 
feeling of loss of control, which in turn may significantly affect the acceptance of and satis-
faction with the robot (Hauer, 2018; Tacken, Marcellini, Mollenkopf, Ruoppila, & Széman, 
2005). For developing and implementing well-accepted, easy-to-use and effective operation 
modes for an assistive robot in older adults, it is therefore crucial to involve their feedback 
early in the robot design and evaluation process. Furthermore, older adults can be seen as 
the most heterogeneous population regarding physical, cognitive, sociological and psycho-
logical characteristics (Hunter, Pereira, & Keenan, 2016; Nelson & Dannefer, 1992; Yang & 
Lee, 2010), potentially also leading to a large heterogeneity in their needs and preferences 
for robot assistance and control. Considering personal characteristics when studying HRI 
has therefore been strongly recommended in older adults (Zafrani & Nimrod, 2018). 
A potential approach to overcome the challenges of HRI in older adults is to reduce 
their cognitive load when interacting with the assistive robot by increasing its autonomy. 
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Depending on the level of robot autonomy, operation modes of an assistive robot can be 
roughly categorized into (1) tele-manipulation, in which the user has full control over the 
robot to complete a specific task; (2) shared control, in which a synergetic collaboration 
between the user and the robot exists to complete the task, and (3) autonomous operation, 
in which the robot fully autonomously completes the task with the user only selecting the 
task to be executed (Abbink & Mulder, 2010; Amirshirzad, Kaya, & Oztop, 2016; Schirner, 
Erdogmus, Chowdhury, & Padir, 2013; Vogel et al., 2015; Yanco & Drury, 2004). Having in 
mind these different levels of robot autonomy, it is reasonable to expect that different oper-
ation modes will have an effect on the task effectiveness and the user satisfaction with the 
assistive robot. To our knowledge, however, there have been no comparative studies be-
tween different operation modes within the research field of assistive bathing robots in older 
adults. Previous studies with other assistive robots (e.g., telemedicine robot, robotic walker, 
robotic wheelchair) suggest that task effectiveness increases with increasing robot auton-
omy in young or older adults with physical impairments (Erdogan & Argall, 2017; Kim et al., 
2012; Koceska, Koceski, Beomonte Zobel, Trajkovik, & Garcia, 2019; Werner et al., 2018; 
Yu, Spenko, & Dubowsky, 2003). In contrast to this, it was also observed that the most 
autonomous operation modes with the highest task effectiveness were not those with the 
highest user satisfaction, suggesting that users seem to prefer to retain as much control as 
possible when interacting with an assistive robot (Cooper et al., 2012; Kim et al., 2012; Yu 
et al., 2003) 
In summary, the primary aim of this study was to evaluate the task effectiveness and 
user satisfaction of older persons with different operation modes (autonomous operation, 
shared control, tele-manipulation) for a water pouring scenario with a bathing robot. Based 
on previous studies with other assistive robots, it was hypothesized that (1) task effective-
ness with the bathing robot would be highest in the autonomous operation mode and would 
gradually decrease with lower levels of robot assistance, and (2) user satisfaction would be 
lower in the autonomous operation mode than in the more user-controlled operation modes 
(shared control, tele-manipulation). A secondary aim was to explore whether there were 
interaction effects between personal characteristics of the participants and the different op-
eration modes on the user satisfaction. 
 
METHODS 
I-SUPPORT bathing robot and potential users 
The bathing robot used in this study was developed in the I-SUPPORT project (ICT-Sup-
ported Bath Robots), which aimed to develop an information and communication technology 
(ICT)-supported domestic service robot that assists frail older or disabled individuals in var-
ious bathing tasks (e.g., pouring water, soaping, scrubbing, drying) (http://www.i-support-
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project.eu/). In brief, the I-SUPPORT bathing robot consists of a motorized chair for sup-
porting stand-to-sit and sit-to-stand transfers and the transition into and out of the shower 
area, a robotic soft-arm for the specific bathing tasks (e.g., pouring water, soaping, scrub-
bing, drying), Kinect V2 RGB-D sensors and condenser microphones for natural audio-ges-
tural HRI (human and robot pose estimation, command and action recognition), and a con-
text-aware system for monitoring environmental (water flow and temperature, air tempera-
ture, humidity and illumination sensors) and user information (smartwatch for user identifi-
cation and (in-)activity tracking). Further technical details about the I-SUPPORT bathing ro-
bot will be published elsewhere. For this study, the I-SUPPORT bathing robot was installed 
in a typical bathroom of a rehabilitation clinic at a German geriatric hospital (Figure 1). 
Potential users of the I-SUPPORT bathing robot were defined as persons with de-
pendence in bathing activities (Barthel Index [BI] bathing item: 0 pt. = “patient can use a 
bath tub, a shower, or take a complete sponge bath only with assistance or supervision 
from another person”, Mahoney & Barthel, 1965), and no severe cognitive impairment (Mini-
Mental State Examination (MMSE score >17 pt., Folstein, Folstein, & McHugh, 1975). 
 
Operation modes of the I-SUPPORT bathing robot 
The use case scenario to be evaluated in this study included the water pouring process of 
the robotic soft-arm for the user’s upper back region (Figure 2) as defined by six target 
points (Figure 3) with three different operation modes: (1) autonomous operation, (2) shared 
control and (3) tele-manipulation mode. 
In the autonomous operation mode, the soft-arm of the I-SUPPORT bathing robot 
provides water pouring fully automatically for a predefined body area (= upper back region) 
within a predefined time period and the user has no control over the motion of the soft-arm 
after starting the robot. 
In the shared control mode, the user issues simple motion commands for the soft-
arm (i.e., one step left vs. right, up vs. down) using the arrow keys of a commercial water-
proof computer keyboard, while the I-SUPPORT bathing robot provides audio assistance 
via beep signals indicating that (1) the specific user command is registered and (2) the 
motion of the soft-arm has been successfully executed according to the registered user 
command, meaning that the user can now issue the next motion command for the soft-arm. 
Further assistance in the shared control mode is provided by restricting the motion of the 
soft-arm to the predefined body area (i.e. upper back region cannot be exceeded). Thus, in 
this mode, the user has predominant, but not full control over the motion of the soft-arm 
(Dometios, Papageorgiou, Arvanitakis, Tzafestas, & Maragos, 2017). 
In the tele-manipulation mode, the user issues the motion commands for the soft-
arm also using the arrow keys of the commercial waterproof computer keyboard. In this 
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mode, however, no audio assistance for command registration and execution is provided, 
nor is the motion of the soft-arm restricted to the predefined body area. Consequently, the 
user has full control over the motion of the soft-arm.  
 
Study design 
A within-subject design was used to evaluate differences in the task effectiveness and user 
satisfaction with the different operation modes of the I-SUPPORT bathing robot. A mixed 
between- and within-subject design was used to explore the interaction effects between 
dichotomized participant characteristics (= between-subject factor) and the different opera-
tion modes (= within-subject factor) on the user satisfaction. The study was approved by 
the ethics committee of the Medical Faculty of the Heidelberg University on September 27, 
2016 (S-382/2016) and was conducted in accordance with the Declaration of Helsinki. Writ-
ten informed consent was obtained from all participants. 
 
Study population  
Participants were recruited from rehabilitation wards of a German geriatric hospital, from 
nursing homes, and from a hospital-associated geriatric rehabilitation sports club. Financial 
incentive was provided to motivate eligible persons for study participation and to address 
potential barriers associated with the test procedure under wet conditions (e.g. feelings of 
shame due to wearing only swimsuit suits or swimming trunks). Inclusion criteria were as 
follows: dependence in bathing activities (BI bathing item = 0 pt.); no severe cognitive im-
pairment (MMSE score >17 pt.); no severe ADL impairment (BI  50 pt.); independence in 
bed-chair transfer (BI transfer item = 15 pt.); no severe neurological, cardiovascular, meta-
bolic, or psychiatric disorders; residence within 15 km of the study center, and written in-
formed consent.  
 
Test procedure 
Initially, the participant wearing swimming clothes was seated on the motorized chair with 
the back towards the robotic soft-arm (see Figure 2) and the water temperature was set to 
his/her preferences. Subsequently, the test administrator explained to the participant that 
three different operation modes will be tested in the following order: (1) autonomous oper-
ation, (2) shared control and (3) tele-manipulation mode.  
For the first, autonomous operation mode, the participant was informed that the soft-
arm will provide water fully automatically for 1 min following a 6-step path on the upper back 
with the starting and end point at the top right of the upper body (see Figure 3). To illustrate 
the movement path of the water stream to the participant, the test administrator showed a 
poster that indicated the six target points on the upper back region.  
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After the water pouring scenario with the autonomous operation mode was com-
pleted, the test administrator explained that in the next, shared control mode, the participant 
must control the motion of the soft-arm by his-/herself using the arrow keys of the waterproof 
computer keyboard. In addition, the participant was told that the I-SUPPORT bathing robot 
provides some audio assistance as described above (command registration and execution) 
and that the motion of the soft-arm is restricted to the upper back region. The test adminis-
trator then instructed the participant to cover the entire upper back region (i.e. all six target 
points shown on the poster) with water as fast as possible by using the shared control mode.  
Finally, the participants used the tele-manipulation mode for the water pouring sce-
nario. The test administrator explained that in this mode, the soft-arm motion is also con-
trolled by the arrow keys of the waterproof computer keyboard. The participant was in-
formed that in this mode, however, the I-SUPPORT bathing robot does not provide any 
audio assistance for command registration and execution, nor does it restrict the motion of 
the soft-arm to the upper back region. Also for this mode, each participant was instructed 
to cover the entire upper back region as fast as possible.  
For both user-controlled modes (shared control, tele-manipulation), the test admin-
istrator interrupted the test procedure either after the participant had successfully provided 
water for the entire upper back region (i.e. all six target points) or after 2 min even if the 
participant was not successful in water pouring for the entire upper back region. The longer 
maximum processing time of 2 min in the user-control modes was chosen as for command 
issuing by the user and command recognition by the I-SUPPOR robot automatically more 
time is required than in the autonomous operation mode, in which the motion of the robotic 
soft-arm on the movement path is fully automatically controlled in smooth and constantly 
progressive way.  
 
Descriptive measures 
Demographic and clinical characteristics including age, gender, living situation (community-
dwelling vs. institutionalized), falls in the previous year, and ADL status (BI) were docu-
mented from patient charts or by standardized interviews. A trained interviewer assessed 
cognitive status (MMSE), depressive symptoms (15-item Geriatric Depression Scale, GDS-
15, Gauggel & Birkner, 1999; Sheikh & Yesavage, 1986), fear of falling (Falls Efficacy 
Scale-International, FES-I, Dias et al., 2006; Hauer et al., 2010), and technology ac-
ceptance (Senior Technology Acceptance Model, [STAM] with subscales for attitude to-
wards technology, perceived usefulness, ease of use, gerontechnology self-efficacy, geron-
technology anxiety, and facilitating conditions Chen & Chan, 2014). Physical performance 
was measured by the Short Physical Performance Battery (SPPB, Guralnik et al., 1994). 
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Outcome measures 
Task effectiveness 
The effectiveness in pouring water on the upper back region with the different operation 
modes was assessed by the following two outcome parameters: (1) coverage [%], defined 
as the percentage of the predefined upper back region covered with water (e.g., 4 out of 6 
target points covered with water = 66.7 %) during the standardized time period (autonomous 
operation mode = 1 min, shared control and tele-manipulation mode = 2 min) and (2) step 
effectiveness [%], calculated as [(coverage ∕ number of steps required) ∕ (maximum possible 
coverage ∕ minimum possible number of steps required for maximum possible coverage)] × 
100. The number of target points covered with water and the number of the steps performed 
during the standardized time periods were objectively calculated from the visual data ob-
tained from the system’s cameras and the kinematics combined with the behavioral-based 
motion controller of the robotic soft-arm of the I-SUPPORT bathing robot. More technical 
details on the behavioral-based motion controller can be found elsewhere (Dometios et al., 
2017). 
 
User satisfaction 
The After-Scenario Questionnaire (ASQ, (Lewis, 1995) was used to assess the user satis-
faction with the three different operation modes. The questionnaire contains three state-
ments that address the ease of completing the task, the time taken to complete the task, 
and the support available when completing the task. For each operation mode, the partici-
pants were asked to rate their level of agreement or disagreement on a 7-point scale, with 
lower scores indicating agreement (1 = strongly agree) and higher scores indicating disa-
greement (7 = strongly disagree). The scores for the three statements were averaged into 
a total ASQ score. The lower the ASQ score, the higher the participants’ satisfaction with 
the operation mode. 
 
Statistical analysis  
Descriptive data were presented as frequencies and percentages for categorical variables, 
and medians and ranges or means and standard deviations (SD) for continuous variables. 
To identify differences in task effectiveness between the operation modes, we calculated 
Friedman analyses of variance (ANOVAs) with post-hoc Wilcoxon signed-rank tests for 
paired comparisons. A one-way RM-ANOVA with post-hoc paired-samples t-tests was per-
formed to test for differences in the user satisfaction between the operation modes. To ex-
plore whether there was an interaction effect between participant characteristics (age, cog-
nitive status, functional status, physical performance, fall history, fear of falling, and tech-
nology acceptance) and the different operation modes, participant characteristics  
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were dichotomized into clinically recognizable subgroups or two subgroups of similar sam-
ple size using a median split as follows: age (< 80 years vs. ≥ 80 years, Baltes & Smith, 
1999; Iwarsson, Wahl, & Nygren, 2004), cognitive status (cognitively impaired: MMSE ≤ 26 
pt. vs. not cognitively impaired: MMSE > 26 pt., Monsch et al., 1995; O'Bryant et al., 2008; 
Toglia, Fitzgerald, O'Dell, Mastrogiovanni, & Lin, 2011), functional status (high: BI >85 pt. 
vs. low: BI ≤ 85 pt.), physical performance (low: SPPB ≤ 6 pt. vs. high: SPPB > 6 pt., 
Pavasini et al., 2016; Vasunilashorn et al., 2009; Veronese et al., 2014), fall history (non-
fallers vs. fallers), fear of falling (low: FES-I ≤ 22 pt. vs. high: FES-I > 22 pt., Delbaere et al., 
2010), and technology acceptance (STAM total score, low <60% vs. high: ≥ 60%). The 
STAM total score was defined as the mean of the percentage scores on the STAM sub-
scales, which was each calculated as the score given for the subscale divided by the max-
imum possible score on the respective subscale multiplied by 100. Two-way RM-ANOVAs 
were used to examine the interaction effect of subgroups (= between-subject factor) by 
operation mode (within-subject factor = autonomous operation vs. shared control vs. tele-
manipulation) on the user satisfaction. Effect sizes were calculated as r (= Z/√N) for Wil-
coxon signed-rank tests (r < 0.1 = trivial, 0.1 ≤ r < 0.3 = small, 0.3 ≤ r < 0.5 = moderate, r ≥ 
0.5 = large effect), Cohen’s d for paired-samples t-tests (d < 0.2 = trivial, 0.2 ≤ d < 0.5 = 
small, 0.5 ≤ d < 0.8 = moderate, d ≥ 0.8 = large effect), and partial eta squared (ηp2) for 
RM-ANOVAs (ηp2 < 0.06 = small, 0.06 ≥ ηp2< 0.14 = moderate, ηp2 ≥ 0.14 = large effect) 
(Cohen, 1988). A two-sided p-value of < 0.05 indicated statistical significance. Statistical 
analysis was performed using IBM SPSS Statistics for Windows, Version 25.0 (IBM Corp., 
Armonk, NY, USA). 
 
RESULTS 
Participant characteristics 
Twenty-five older persons (females: n = 20, 80.0%) who all were dependent in bathing (BI, 
bathing item = 0 pt.) participated in the study. The participants’ mean age was 77.9 ± 7.9 
years and the MMSE score averaged 25.6 ± 3.1 points, with about half of the participants 
(n = 13, 52%) having some cognitive impairment (MMSE ≤ 26 pt.). The sample population 
showed an impaired ADL status (median BI score = 85 [50-95] pt.) and low physical perfor-
mance (SPPB score = 6.1 ± 2.9 pt.). Fourteen participants (56%) reported at least one fall 
in the previous year. Clinically relevant depressive symptoms (GDS-15 > 5 pt.) were ob-
served in only three participants (12%). Fear of falling was low (FES-I ≤ 22 pt.) in seven 
(18%) and high (FES-I > 22 pt.) in 18 (72%) participants. Technology acceptance was fair 
to good, with mean scores on the different STAM subscales in the upper half of the scoring 
range (Table 1). Eighteen participants (72%) were living at home, partly with supportive 
care; seven (28%) were institutionalized.  
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Due to technical problems with the I-SUPPORT bathing robot in three participants, 
the test procedure with the bathing robot could be successfully performed with only 22 par-
ticipants. Additionally, technical data during the test procedure was not properly recorded 
in one participant; however, data on the user satisfaction in this participant was still availa-
ble. No significant differences in any descriptive variables were found between the dropouts 
and the participants with complete data (p = 0.158-0.922). 
 
Task effectiveness with different operation modes 
In the autonomous operation mode, maximum coverage of the upper back region and max-
imum step effectiveness were achieved for all participants. Task effectiveness was sub-
stantially lower in the shared control and tele-manipulation modes than in the autonomous 
operation mode (Table 2). Only seven participants (33.3%) in the shared control mode and 
two participants (9.5%) in the tele-manipulation mode achieved the maximum possible cov-
erage. Friedman ANOVAs revealed a significant effect of the operation mode on the cover-
age and step effectiveness (p < 0.001). Post-hoc comparisons showed that task effective-
ness was significantly lower in the shared control and tele-manipulation modes than in the 
autonomous operation mode, with large effect sizes (p ≤ 0.001, r = 0.74-0.84). Among the 
two user-controlled modes, the coverage (p = 0.009) and step effectiveness (p = 0.016) 
were significantly higher in the shared control than in the tele-manipulation mode, with also 
large effect sizes (r = 0.53-0.57).  
 
User satisfaction with different operation modes 
In general, the user satisfaction with all operation modes was positive, as indicated by mean 
ASQ scores in the lower quartile (autonomous operation, shared control) or lower half (tele-
manipulation) of the scoring range (Table 3). RM-ANOVA revealed a significant large effect 
of the operation mode on the ASQ score (p = 0.037, ηp2 = 0.16). Post-hoc comparisons 
showed that the ASQ score for the autonomous operation mode was significantly lower than 
that for the tele-manipulation mode, with a moderate effect size (p = 0.003, d = 0.70). Com-
pared to the shared control mode, the ASQ score for autonomous operation mode tended 
to be also lower; however, the difference only approached the level of significance with a 
moderate effect (p = 0.070, d = 0.50). A non-significant, small effect (p = 0.337, d = 0.23) 
was observed for the comparison between the two user-controlled modes. No significant 
interaction effects between subgroups of participants and operation modes were found (p 
= 0.491-0.826, ηp2 = 0.01-0.03) (Table 4). 
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DISCUSSION 
The present study aimed to evaluate different operation modes of an assistive bathing ro-
bot. Being representative of potential users of this robot, we recruited older persons with 
bathing disability and analyzed the task effectiveness and user satisfaction with three oper-
ation modes providing different levels of assistance during a water pouring task for the 
user’s upper back region. In addition, we explored whether different subgroups of partici-
pants were most satisfied with a specific operation mode. Our results indicate that the au-
tonomous operation mode for the robotic soft-arm of the bathing robot is highly effective 
and reliable in providing water pouring for a predefined body area. Significantly lower task 
effectiveness was observed in the operation modes in which the robot autonomy was lower 
and the robotic soft-arm motion was predominantly controlled by the participants. Task ef-
fectiveness gradually decreased along with lower assistance provided by the bathing robot. 
Similar findings were observed for the user satisfaction, with the highest level of satisfaction 
observed for the autonomous operation mode and also a tendency to a gradually decreas-
ing satisfaction with decreasing robot assistance. Preferences for a specific operation mode 
were not observed among different subgroups of participants. 
 
Task effectiveness with different operation modes 
Our results confirmed the primary hypothesis that task effectiveness with the bathing robot 
would be highest in the autonomous operation mode and gradually decrease with lower 
levels of robot assistance. This finding supports previous studies that compared different 
operation modes of other assistive robots in young or older adults and also found the high-
est task effectiveness in the most autonomous operation modes (Erdogan & Argall, 2017; 
Kim et al., 2012; Koceska et al., 2019; Werner et al., 2018; Yu et al., 2003). Although the 
maximum possible time for completing the water pouring task was allowed to be twice as 
long as in the autonomous operation mode, the body area covered in the user-controlled 
modes was significantly lower with only few participants able to provide water pouring for 
the whole target body area. The lower task effectiveness in the user-controlled modes was 
also revealed by the significant lower step effectiveness. This suggests that participants 
issued several inefficient commands not increasing the body are covered by the water and 
that some target points on the upper back region were passed more than once or the water 
stream even exceeded this region (tele-manipulation mode). As expected, among the user-
controlled operation modes, task effectiveness was significantly higher in the shared control 
mode than in the tele-manipulation mode, indicating that the audio signals of the I-SUP-
PORT robot given for command registration and execution as well as the restriction of the 
robotic soft-arm motion to the predefined upper back region effectively assisted the partici-
pants in completing the water pouring scenario. However, as the task effectiveness in the 
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shared control mode was still substantially lower than in the autonomous operation mode, 
it seems that the robot assistance in this mode was not optimal and the required interaction 
was too difficult to handle for the participants. This might be explained by the fact that par-
ticipants did not directly see the robotic soft-arm behind their back during the test procedure 
but only could imagine its spatial position and movement based on the water stream felt on 
the skin of their upper back. As spatial and tactile sensory abilities decline with age (Ske-
dung et al., 2018; Techentin, Voyer, & Voyer, 2014), the position determination of the water 
stream on the upper back might have been particularly difficult in our sample of older adults 
and hampered their ability to accurately distinguish between the target points on the upper 
back and to perceive whether all of them were reached. Providing elderly users additional 
direct visual or audial assistance on the real-time position of the water stream might repre-
sent a potential option for increasing their task effectiveness in pouring water on body parts 
which cannot be directly seen. 
 
User satisfaction with different operation modes 
Based on previous studies suggesting that users of assistive robots seem to be more sat-
isfied with operation modes for HRI in which they retain as much control as possible (Cooper 
et al., 2012; Kim et al., 2012; Yu et al., 2003), we hypothesized that the user satisfaction 
would be lower in the autonomous operation than in the user-controlled operation modes 
(shared control, tele-manipulation). Surprisingly and in contrast to this hypothesis, our re-
sults revealed that participants were, however, rather less satisfied with the user-controlled 
operation modes than with the autonomous operation mode, in which they had the least 
control and the I-SUPPORT robot fully autonomously completed the water pouring task. A 
potential explanation for these findings might be the higher age of our participants, which 
may be associated with also a higher request for assistance when using technology than in 
younger populations (Kressig & Echt, 2002), or the higher differences in the task effective-
ness between the operation modes, which could have been perceived much more clearly 
by our participants during the test procedure. As the water pouring task was interrupted by 
the test administrator after a maximum of 2 min in the user-controlled operation modes, 
participants who could not provide water for the whole target body area might have become 
aware of their low task effectiveness, potentially leading to a feeling of overload that may 
have affected their satisfaction with these operation modes (Hauer, 2018; Tacken et al., 
2005). 
Given the recommendation to consider the personal characteristics when studying 
HRI in the heterogeneous population of older adults (Zafrani & Nimrod, 2018), we explored 
whether specific subgroups of participants were most satisfied with one of the operation 
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modes. Our results revealed that there were no significant interactions of personal charac-
teristics with the operation modes, indicating the higher user satisfaction with the autono-
mous operation mode were unspecific for age, cognitive status, functional status, physical 
performance, fall history, fear of falling, and technology acceptance. Thus, the autonomous 
operation mode seems to be a promising and highly satisfactory HRI option for a broad 
range of potential older users of the bathing robot. 
 
Limitations 
Our study has some limitations. First, the sample size was rather small, limiting the statisti-
cal power and generalizability of our results. Second, participants were predominantly fe-
males, limiting the ability to examine gender differences and the generalizability of results 
to male. Third, the order of the operation modes tested was not randomized but the robot 
assistance was successively decreased during the test procedure (autonomous operation 
 shared control  tele-manipulation mode). However, in the autonomous operation 
mode, the soft-arm was controlled fully automatically without user input and potential learn-
ing effects during the user-controlled operation modes might have rather favored the task 
effectiveness in the tele-manipulation mode. It might therefore be assumed that a random-
ization would have even led to more obvious differences in the task effectiveness between 
the user-controlled operation modes. 
 
CONCLUSIONS 
The present study showed that the full autonomous operation of the bathing robot was the 
most effective and the most satisfying operation mode in our sample of older adults with 
bathing disability. Giving the participants more control over the bathing robot significantly 
reduced not only the task effectiveness but also the user satisfaction with the bathing robot. 
These finding suggest that for an effective and highly satisfying HRI between a bathing 
robot and potential older users it seems to be necessary to implement operation modes with 
a high level of robot autonomy that requires a minimum of user input. 
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Table 1. Participant characteristics 
 
Variables n = 25 
Age, years 77.9 ± 7.9 
Sex, females 20 (80.0) 
Mini-Mental State Examination, score 25.6 ± 3.1 
Barthel Index  85 [50-95] 
Short Physical Performance Battery, score 6.1 ± 2.9 
Recent history of falls 14 (56.0) 
Geriatric Depression Scale, score 2 [0-11] 
Falls Efficacy Scale-International, score 28.8 ± 10.0 
Technology Acceptance, scorea  
Attitudes towards technology (max. 20 pt.) 14.6 ± 5.0 
Perceived usefulness (max. 30 pt.) 19.9 ± 8.4 
Ease of use (max. 20 pt.) 10.8 ± 5.0 
Gerontechnology self-efficacy (max. 20 pt.) 12.2 ± 5.2 
Gerontechnology anxiety (max. 20 pt.) 12.5 ± 6.1 
Facilitating conditions (max. 50 pt.) 30.3 ± 10.5 
Living situation  
Community-dwelling 18 (72.0) 
Institutionalized 7 (28.0) 
Data presented as mean ± SD, n (%), and median [range]. aHigher scores indicates better atti-
tudes towards technology, higher perceived usefulness, greater ease of use, higher gerontech-
nology self-efficacy, lower gerontechnology anxiety, and more facilitating conditions.  
  
 
 
 
 
 
 
 
Table 2. Differences in the task effectiveness (coverage, step effectiveness) between the shared control and tele-manipulation modes 
 
 n 
Operation mode 
 Friedman 
ANOVA 
 Post-hoc comparisons between op-
eration modes 
Autonomous operation (1) Shared control (2) Tele-manipulation (3) 
 
p-value 
 
p-valuea Effect sizeb 
Coverage [%] 21 100.0 ± 0.0 
100.0 [100.0-100.0] 
79.4 ± 18.2 
83.3 [33.3-100.0] 
64.4 ± 19.4 
66.6 [33.3-100.0] 
 
< 0.001 
 
0.001 (1 vs. 2) 
< 0.001 (1 vs. 3) 
0.009 (2 vs. 3) 
0.74 (1 vs. 2) 
0.84 (1 vs. 3) 
0.57 (2 vs. 3) 
Step effectiveness 
[%] 
21 100.0 ± 0.0 
100.0 [100.0-100.0] 
51.6 ± 10.3 
50.3 [28.3-75.0] 
43.9 ± 8.6 
42.9 [27.3-62.3] 
 < 0.001  < 0.001 (1 vs. 2) 
< 0.001 (1 vs. 3) 
0.016 (2 vs. 3) 
0.88 (1 vs. 2) 
0.88 (1 vs. 3) 
0.53 (2 vs. 3) 
Data presented as mean ± SD and median [range]. aP-values for Wilcoxon signed-rank tests. Effect size given as r = Z/√N 
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Table 3. Differences in the user satisfaction between the different operation modes 
 
 
n 
Operation mode  RM-ANOVA  
Post-hoc comparisons between 
operation modes 
Autonomous 
Operation (1) 
Shared 
Control (2) 
Tele- 
Manipulation (3) 
 
p-valuea 
Effect 
sizeb 
 p-valuec Effect sized 
ASQ 22 2.0 ± 1.0 2.5 ± 1.5 3.0 ± 1.4  0.037 0.16 
 
0.071 (1 vs. 2) 
0.003 (1 vs. 3) 
0.337 (2 vs. 3) 
0.50 (1 vs. 2) 
0.70 (1 vs. 3) 
0.23 (2 vs. 3) 
Data presented as mean ± SD. aP-value for within-subject effect (operation mode). bEffect size given as 
ηp2. cP-values for paired-samples t-tests. dEffect sizes given as Cohen’s d. ASQ, After-Scenario Ques-
tionnaire. 
 
 
Table 4. Interaction effects between subgroups of participants and different operation 
modes on the user satisfaction. 
 
  Operation mode   Group × mode effect 
 n 
Autonomous 
operation 
Shared 
control 
Tele- 
manipulation 
  p-value Effect sizea 
Age 
< 80 years 12 2.0 ± 1.1 2.4 ± 1.4 3.1 ± 1.5   .621 .02 
≥ 80 years 10 2.0 ± 0.9 2.7 ± 1.6 2.8 ± 1.2     
Cognitive Status 
NCI 10 2.3 ± 1.3 2.5 ± 1.0 3.2 ± 1.0   .709 .01 
CI 12 1.8 ± 0.7 2.5 ± 1.8 2.8 ± 1.6     
Functional Status 
High 11 1.9 ± 0.9 2.3 ± 1.0 2.8 ± 1.5   .826 .01 
Low 11 2.0 ± 1.1 2.8 ± 1.8 3.1 ± 1.3     
Physical performance 
High 8 2.1 ± 0.9 2.1 ± 0.9 2.9 ± 1.2   .491 .03 
Low 14 1.9 ± 0.7 2.8 ± 1.7 3.0 ± 1.7     
Fall history 
Non-fallers 10 2.0 ± 1.1 2.5 ± 1.5 2.7 ± 1.3   .747 .01 
Fallers 12 2.0 ± 1.0 2.6 ± 1.5 3.2 ± 1.4     
Fear of falling 
Low 7 2.2 ± 1.0 2.5 ± 1.2 2.9 ± 0.9   .734 .01 
High 15 1.9 ± 1.0 2.5 ± 1.6 3.0 ± 1.5     
Technology acceptance 
High 11 2.2 ± 1.2 3.0 ± 1.3 3.2 ± 1.0   .647 .02 
Low 11 1.8 ± 0.7 2.1 ± 1.5 2.7 ± 1.6     
Data presented as mean ± SD. Effect sizes given as ηp2. NCI, not cognitively impaired; CI, cognitively 
impaired. 
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Figure legends 
 
Figure 1. Installation of the I-SUPPORT bathing robot in a typical bathroom of a 
rehabiliation clinic at a geriatric hospital. 
 
Figure 2. Robotic soft-arm providing water pouring on the upper back region. 
 
Figure 3. Upper back region with the six target points for which the soft-arm provided water 
pouring. The dark gray outlined cross represents the starting and final position for all oper-
ation modes, the dotted arrows indicate the optimal 6-step path for the water pouring pro-
cess on the upper back region.  
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Figure 1. Installation of the I-SUPPORT bathing robot in a typical bathroom of a 
rehabiliation clinic at a geriatric hospital. 
 
 
Figure 2. Robotic soft-arm providing water pouring on the upper back region. 
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Figure 3. Upper back region with the six target points for which the soft-arm provided water 
pouring. The dark gray outlined cross represents the starting and final position for all oper-
ation modes, the dotted arrows indicate the optimal 6-step path for the water pouring pro-
cess on the upper back region. 
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A B S T R A C T
Background: Gesture-based human-robot interaction (HRI) depends on the technical performance of the robot-
integrated gesture recognition system (GRS) and on the gestural performance of the robot user, which has been
shown to be rather low in older adults. Training of gestural commands (GCs) might improve the quality of older
users’ input for gesture-based HRI, which in turn may lead to an overall improved HRI.
Objective: To evaluate the effects of a user training on gesture-based HRI between an assistive bathing robot and
potential elderly robot users.
Methods: Twenty-five older adults with bathing disability participated in this quasi-experimental, single-group,
pre-/post-test study and underwent a specific user training (10−15min) on GCs for HRI with the assistive
bathing robot. Outcomes measured before and after training included participants’ gestural performance as-
sessed by a scoring method of an established test of gesture production (TULIA) and sensor-based gestural
performance (SGP) scores derived from the GRS-recorded data, and robot’s command recognition rate (CRR).
Results: Gestural performance (TULIA=+57.1 ± 56.2 %, SGP scores=+41.1 ± 74.4 %) and CRR
(+31.9 ± 51.2 %) significantly improved over training (p < .001). Improvements in gestural performance and
CRR were highly associated with each other (r=0.80–0.81, p < .001). Participants with lower initial gestural
performance and higher gerontechnology anxiety benefited most from the training.
Conclusions: Our study highlights that training in gesture-based HRI with an assistive bathing robot is highly
beneficial for the quality of older users’ GCs, leading to higher CRRs of the robot-integrated GRS, and thus to an
overall improved HRI.
1. Introduction
Bathing disability is one of the first limitations in activities of daily
living (ADLs) to occur during aging process (Jagger, Arthur, Spiers, &
Clarke, 2001; Katz, Ford, Moskowitz, Jackson, & Jaffe, 1963) re-
presenting the strongest predictor of subsequent institutionalization in
older adults (Fong, Mitchell, & Koh, 2015). Institutionalized and non-
institutionalized older adults require personal assistance in bathing
more frequently than for other ADLs (Wiener, Hanley, Clark, & Van
Nostrand, 1990). The prevalence of bathing disability in community-
living older adults increases with age, ranging from 4.6 to 8.6% in those
aged ≥65 years (Wiener et al., 1990) to 20.1 % in those aged ≥85
years (Dawson, Hendershot, & Fulton, 1984). An even much higher
prevalence has been documented in nursing homes and personal care
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facilities, with ≥90 % of residents who require some assistance in
bathing (Jones, Dawyer, Bercovitz, & Strahan, 2009; Wiener et al.,
1990). As a consequence of the demographic change, the number of
older adults in need for bathing assistance will increase, which in turn
will contribute to an increase in the burden to both the formal health
and social care system and the informal care system. Because bathing is
highly sensitive and intimate, it is not unusual for older adults to be
reserved against or avoid, as long as possible, personal bathing assis-
tance from caregivers (Ahluwalia, Gill, Baker, & Fried, 2010). In this
context, assistive bathing robots that collaboratively support older
adults to take care of themselves in bathing can foster independent
living, preserve dignity and privacy, and reduce the burden of care-
givers.
Human-robot interaction can be defined as “information and action
exchanges between human and robot to perform a task by means of a
user interface” (International Organization for Standardization, 2012).
To enable humans and robots to successfully perform tasks in a colla-
borative way, an adequate and efficient HRI interface needs to be im-
plemented, making the interaction as natural, intuitive and easy as
possible to use, preferably with a minimum of training. There are
various ways to communicate and/or interact with a robot (e.g., speech,
body posture, gestures, facial expressions, etc.) (Goodrich & Schultz,
2008). Previous studies suggest that older adults tend to appreciate
communication methods that resemble natural interactions between
humans (Begum, Wang, Huq, & Mihailidis, 2013; Fischinger et al.,
2016). Being the most natural and simplest way in human commu-
nication, verbal communication is frequently used for HRI interfaces,
enabling robots to identify voice commands of the user (Mavridis,
2015). In typical real-world scenarios, voice commands can, however,
be disturbed by noise, reverberations, and other interfering sound
sources (Alameda-Pineda & Horaud, 2015). Addressing this issue of
speech-based HRI and given that gestures also play a central role in
human communication (Goldin-Meadow & Alibali, 2013), gesture-
based HRI has become a core element in the development of natural,
intuitive and easy to use HRI interfaces (Hernandez-Belmonte & Ayala-
Ramirez, 2016).
Gestures can be defined as a form of non-verbal communication in
which visible bodily actions, typically of the hands and arms, commu-
nicate particular messages (Kendon, 2004; McNeill, 1992). For inter-
acting with an assistive robot via gestures, several cognitive abilities are
relevant such as attention control, working memory, information pro-
cessing speed, executive function, and visuospatial abilities. However,
most of these abilities show a pronounced decline across the life span
into old age (Craik & Salthouse, 2008; Harada, Natelson Love, &
Triebel, 2013). In addition, cognitive impairment is frequent among
older adults with ADL limitations (Gure, Langa, Fisher, Piette, &
Plassman, 2013; Hakkinen et al., 2007), representative of potential end
users of assistive robots, which may considerably impede the interac-
tion with such robots, as it has previously been reported also for in-
teracting with other technologies (Schmidt & Wahl, 2019).
Research on gesture-based HRI often seems to focus on improving a
robot’s technical performance and robustness in recognizing and in-
terpreting a user’s input by integrating new hardware evolutions and/or
developing new software algorithms (Guler et al., 2016; Liu & Wang,
2018; Wang, Kläser, Schmid, & Liu, 2011). However, successful HRI is
not just a matter of the performance of the robot-integrated gesture
recognition system (GRS), but also of the quality of a user’s input and
the characteristics of a user. Thus, to fully understand what makes in-
teraction between humans and robots successful and how HRI can be
improved in a broader context, a more in-depth understanding also of
the human side of the HRI seems to be necessary. For example, a pre-
vious study on gesture-based HRI with assistive mobility robot reported
rather poor HRI in frail older adults with some levels of cognitive im-
pairment, with a command recognition rate (CRR) of the robot-in-
tegrated GRS of only 40 % (Efthimiou et al., 2016). The low gestural
performance observed in a considerable portion of the sample (26 %)
has been implicated as one major cause of the low HRI in this study,
which therefore called for training approaches on HRI in older robot
users to ensure successful HRI.
Training procedures used to teach naïve individuals how to interact
with the robot provide a potential option to improve not only the
performance of a user’s input for HRI but also the user’s attitudes and
emotions toward the robot (Engelhardt & Edwards, 1992; Louie,
McColl, & Nejat, 2014), which have been shown to improve over time
of robot use (Stafford, MacDonald, Jayawardena, Wegner, & Broadbent,
2014; Wu et al., 2014) and to be predictive for the quality of HRI
(Broadbent et al., 2010). User training on the HRI that takes into ac-
count the individual resources and limitations of the user might espe-
cially be of importance in older adults, who typically have less tech-
nology experience and express more negativity and anxiety toward
robot assistance than younger people (Dyck & Smither, 1994; Scopelliti,
Giuliani, D’Amico, & Fornara, 2004). The lack of training or advice on
how to use new technologies can significantly affect older adults’ ac-
ceptance of technology (Tacken, Marcellini, Mollenkopf, Ruoppila, &
Széman, 2005). For example, the user’s perception of his/her own in-
sufficient user performance for HRI associated with a low efficiency in
controlling the functionalities of the robot can potentially reduce the
self-efficacy and reinforce the feeling of loss of control (Hauer, 2018).
The variability in physical, cognitive, sociological and psychological
characteristics increases with age (Hunter, Pereira, & Keenan, 2016;
Nelson & Dannefer, 1992; Yang & Lee, 2010). Older adults may thus be
regarded as the most heterogeneous population of all. A recent sys-
tematic review suggests that previous studies most frequently failed,
however, to consider the participant characteristics when studying the
interaction of older adults with a robot and highlights the importance
for future studies to better examine HRI in later life (Zafrani & Nimrod,
2018).
The primary aim of this study was to evaluate the effects of a spe-
cific user training on gesture-based HRI between an assistive bathing
robot and potential robot users. We hypothesized that such a training
would improve both the gestural performance of the participants and
the performance of the robot-integrated GRS, leading to an overall
improved HRI. Secondary aims were to explore participant character-
istics associated with the initial gestural performance and the training
response in the gestural performance, and to examine the relationship
between the gestural performance and performance of the robot-in-
tegrated GRS. We expected lower cognitive abilities and more negative
feelings toward technology to be significantly associated with lower
gestural performance (i.e. user input for HRI). According to the rate-
dependency phenomenon and general training principles which in-
dicate that intervention response rates are highest in those individuals
with the lowest baseline performance (Dews, 1977; Haskell, 1994;
Snider, Quisenberry, & Bickel, 2016), we hypothesized that training
response in the gestural performance would be significantly associated
with the initial gestural performance before training. Moreover, as we
assumed that the performance of the robot-integrated GRS in re-
cognizing the user’s gestural commands (GCs) would highly depend on
the user’s gestural performance, we expected better gestural perfor-
mances to be significantly associated with better performance of the
GRS.
2. Methods
2.1. I-SUPPORT bathing robot
The assistive bathing robot used in this study represented a first
prototype developed in the I-SUPPORT project (ICT-Supported Bath
Robots), which focused on the development of an innovative, modular,
information and communication technology (ICT)-supported domestic
service robotic system that safely assists frail older or disabled in-
dividuals in various bathing tasks (e.g., pouring water, soaping,
scrubbing, drying), with the overall aim to promote their independence
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in this intimate ADL and to relieve the care burden of family caregivers
or formal caregivers in medical centers and assisted living environ-
ments. More detailed and comprehensive information on the I-
SUPPORT project can be found at the project website (http://www.i-
support-project.eu/).
The I-SUPPORT bathing robot (Fig. 1) consists of the following main
components: (1) a motorized chair for supporting stand-to-sit and sit-to-
stand transfers and the transition into and out of the shower area; (2) a
robotic soft-arm for the specific bathing tasks (e.g., pouring water,
soaping, scrubbing, drying); (3) three Kinect V2 RGB-D sensors and
eight condenser microphones for natural audio-gestural HRI (human
and robot pose estimation, command and action recognition), and (4) a
context-aware system for monitoring environmental (water flow and
temperature, air temperature, humidity and illumination sensors) and
user information (smartwatch for user identification and (in-)activity
tracking) (not provided in Fig. 1). An overview of further technical
details of the I-SUPPORT bathing robot will be published elsewhere.
2.2. I-SUPPORT user group
The intended users of the I-SUPPORT bathing robot are persons with
(1) dependence in bathing activities and (2) no severe cognitive im-
pairment (Werle & Hauer, 2016). The criteria for dependence in
bathing activities was defined according to the bathing item of the
Barthel Index (BI) (bathing item: 0 pt. = “patient can use a bath tub, a
shower, or take a complete sponge bath only with assistance or su-
pervision from another person”) (Mahoney & Barthel, 1965). No severe
cognitive impairment was defined as a score of> 17 points on the Mini-
Mental State Examination (MMSE, Folstein, Folstein, & McHugh, 1975).
2.3. Gesture-based human-robot interaction
The I-SUPPORT bathing robot allows the interaction of the users
with the robot through a predefined set of GCs for different bathing
tasks (e.g., washing, scrubbing). The system architecture for gesture-
based HRI consists of three Kinects V2 sensors installed at the walls of
the bathroom. The Kinect V2 sensor is equipped with RGB-D and in-
frared sensors that enable to capture the video (Full HD RGB resolution)
and depth information (time-of-flight principle) required for the human
and robot pose reconstruction and the identification of the user’s GCs.
Kinect and other similar sensors are frequently employed for marker-
less motion tracking and visual recognition in robotics (El-laithy,
Huang, & Yeh, 2012; Naeemabadi, Dinesen, Andersen, & Hansen,
2018). Two Kinect V2 sensors were placed inside the shower space for
estimating the 3-dimensional pose of the human and robot, and one
Kinect V2 sensor was placed outside the shower space for recognizing
the GCs performed by the user. The processing methods of the visual
information provided by the Kinect sensor for gesture recognition
follow state-of-the-art computer vision and machine learning ap-
proaches for visual feature extraction and classification. In particular,
“dense trajectories” are employed for feature extraction (Wang et al.,
2011), an approach frequently used for action and gesture recognition
(Baraldi, Paci, Serra, Benini, & Cucchiara, 2014; Yamada, Yoshida,
Sumi, Habe, & Mitsugami, 2017) and various other visual recognition
problems (Afshar & Salah, 2016; Huang, Zhang, & Li, 2016), especially
in cases where the available data for training the algorithms is limited.
In brief, this method consist in sampling salient points in the video (e.g.,
from hand edges, etc.) and tracking them through time, which produces
a large number of trajectories. These trajectories are processed to ex-
tract the motion boundary histogram (MBH) descriptor in the standard
bag-of-features framework (Dalal, Triggs, & Schmid, 2006; Zhang,
Marszałek, Lazebnik, & Schmid, 2007), resulting in a high-dimensional
numeric representation of the video. Finally, using this representation,
each gesture is classified as one of the pre-defined GCs using non-linear
support vector machines (SVMs) (Schuldt, Laptev, & Caputo, 2004;
(Wang , Kläser , Schmid ,& Liu, 2011). More importantly, SVMs can also
provide the probability of each video containing the recognized GC (see
2.9), enabling more in-depth analysis. More technical details on the
GRS can be found elsewhere (Kardaris, Rodomagoulakis, Pitsikalis,
Arvanitakis, & Maragos, 2016; Rodomagoulakis et al., 2016; Zlatintsi
et al., 2018).
2.4. Study design
A quasi-experimental, single-group, pre-/post-test study design was
used to analyze the effects of the user training on the gesture-based HRI
between the participant and the I-SUPPORT bathing robot. The study
was conducted between January 25 and February 8, 2018 with ap-
proval of the ethics committee of the Medical Faculty of the Heidelberg
University (September 27, 2016; S-382/2016) and in accordance with
Fig. 1. Rendering of the I-SUPPORT bathing robot placed within the test environment (= typical bathroom of a rehabilitation clinic at a German geriatric hospital).
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the Declaration of Helsinki. Written informed consent was obtained
from all participants prior to study inclusion.
2.5. Study population
Participants were recruited from rehabilitation wards of a geriatric
hospital, from nursing homes, and from a hospital-associated geriatric
rehabilitation sports club. According to the predefined user group of the
I-SUPPORT bathing robot, the following two main inclusion criteria
were used to recruit participants: (1) dependence in bathing activities
(BI, bathing item=0 pt.) and (2) no severe cognitive impairment
(MMSE score> 17 pt.). Further inclusion criteria were: no severe ADL
impairment (BI≥ 50 pt.); independence in bed-chair transfer (BI,
transfer item=15 pt.); no severe neurological, cardiovascular, meta-
bolic, or psychiatric disorders; residence within 15 km of the study
center, and written informed consent.
2.6. Test procedure
The I-SUPPORT bathing robot was installed in a typical bathroom of
the rehabilitation clinic at a German geriatric hospital. Seven different
GCs for the use case “back region shower process” had to be performed
by the participants: (1) wash back; (2) higher temperature; (3) lower
temperature; (4) scrub back; (5) repeat; (6) stop, and (7) halt. The
correct GCs performed by an expert and used as reference standard can
be found in online supplementary videos. During the whole testing
procedure, the participants were seated on the motorized chair of the
robot. Prior to the pre-test (T1), all participants received a brief in-
troduction on the GCs. For each GC, a test administrator presented a
large poster with images displaying the key movement elements of the
specific GC and also demonstrated each GC once directly in front of the
participant. After this brief introduction, the pre-test was performed
with the participant. During the testing phase, the administrator sub-
sequently presented the posters once more for each GC and asked the
participant to perform the specific GC shown on the poster. After the
participant performed a GC, a short brake was made to give the robot
the opportunity to respond on the GC. In case of successful gesture
recognition, the robot responded after about 3 s with an appropriate
audio response (but did not actually perform the corresponding bathing
task) and the next GC was tested. If the robot did not recognize the
command correctly in this time interval, the test administrator asked
the participant to repeat the GC once more. Independent of the robot
response, the test procedure was continued with the next GC after such
a second trial. This procedure was followed until all seven GCs were
tested. After the pre-test was completed, a more extensive training
phase on the GCs was performed by the administrator with the parti-
cipant (see below). Following this training phase, the test procedure as
described for the pre-test was repeated once more (T2 = post-test).
2.7. Intervention
Between the pre- and post-test, a training phase (10−15min) on the
specific GCs for the HRI with the I-SUPPORT bathing robot was per-
formed with the participants. For this purpose, specific teaching
methods and practice conditions, which have already been demon-
strated to be effective for motor learning in older people with cognitive
impairment (van Halteren-van Tilborg, Scherder, & Hulstijn, 2007;
Werner et al., 2017), were used to facilitate learning of the GCs: mirror
technique, combining movements with specific associations, haptic
assistance, and high repetitions. The administrator sat directly in front
of the participant and demonstrated the GC “like a mirror”, that is, if
the participants had to use their right hand for a GC, the administrator
demonstrated this GC with the left hand. The participants were en-
couraged to immediately join the demonstration and to simply mirror
the administrator’s movements. During the demonstration, the admin-
istrator described the gestures by combining it with specific
associations (e.g., “Like you would dip a sponge in a water bucket.”
[GC: wash my back]; “Like you would push someone away from you.”
[GC: stop]) to facilitate learning and memorizing of the GC. If neces-
sary, also haptic assistance was provided by the administrator to ensure
correct movement execution of the GC by the participant. Each GC was
trained until the participant was able to perform it once correctly.
2.8. Descriptive measures
Sociodemographic and clinical characteristics including age,
gender, living situation (community-dwelling vs. institutionalized),
falls in the previous year, and ADL status (BI) were documented from
patient charts or by standardized interviews. A trained interviewer as-
sessed cognitive status (MMSE) and psychological status for depression
(15-item Geriatric Depression Scale [GDS-15], Gauggel & Birkner,
1999; Sheikh & Yesavage, 1986), fear of falling (Falls Efficacy Scale-
International [FES-I], Dias et al., 2006; Hauer et al., 2010), and tech-
nology acceptance (Senior Technology Acceptance Model [STAM],
Chen & Chan, 2014): subscales for attitude towards technology, per-
ceived usefulness, ease of use, gerontechnology self-efficacy, ger-
ontechnology anxiety, and facilitating conditions). Physical perfor-
mance was measured by the Short Physical Performance Battery (SPPB,
Guralnik et al., 1994).
2.9. Outcome measures
The HRI was evaluated from both the human side, by assessing the
participant’s gestural performance, and the robot side, by assessing the
performance of the GRS in recognizing the GCs.
Gestural performance was evaluated by (1) scores of a standardized
clinical observation measure and (2) sensor-based performance scores
derived from the GRS-recorded data.
The clinical observation measure was based on the scoring system of
the Test of Upper Limb Apraxia (TULIA), which represents an estab-
lished test for the comprehensive assessment of gesture production
(Vanbellingen et al., 2010). Each GC was rated on a 6-point scale
ranging from 0 to 5 points, with higher observation-based gestural
performance (OGP) scores indicating better gestural performance. The
scoring procedure followed a two-step assessment approach. In a first
step, the achievement of the overall movement goal of the GC was
evaluated, narrowing the range of the scores to either 0 or 1 points
(‘movement goal not achieved’), or 2–5 points (‘movement goal
achieved’). The movement goal of a GC was considered to be not
achieved if errors occurred that seriously affected the trajectory of the
gesture. Trajectories were defined as the spatial orientation of the
movement including movement plane relative to the individual’s body,
joint coordination, and movement shape. If the movement goal of a GC
was achieved, a more detailed error analysis was performed in a second
step to yield the final score in the upper scale range (2–5 pt.). The de-
tailed scoring method is presented in Table 1. The first step of this two-
step assessment approach was directly performed during the test pro-
cedure and was used for deciding whether a second trial was given or
not, while the more detailed error analysis was performed after the test
procedure using the video recordings of the Kinect V2 sensor. The in-
dividual scores per GC were finally averaged over all seven GCs to yield
a mean score for the overall observation-based gestural performance
(OGPtotal). Test procedure and scoring were consistently performed by
the same person across all participants. Intra-rater reliability for scoring
the video recordings of the GCs has been established in a pilot study
with 8 participants randomly selected out of the total sample. Excellent
intra-rater reliability was found with intraclass correlation coefficients
(ICC(2,1), absolute agreement) ranging from 0.82 to 0.95.
A sensor-based gestural performance (SGP) score was calculated for
each GC by applying Platt scaling (Platt, 2000) to the output of the SVM
classifier of the GRS (see 2.3). This method is implemented by the
software libraries used for the GRS (Chang & Lin, 2011) and has been
C. Werner, et al. $UFKLYHVRI*HURQWRORJ\DQG*HULDWULFV

thoroughly shown to provide reliable estimates of class membership
probabilities (Caruana, Karampatziakis, & Yessenalina, 2008;
Niculescu-Mizil & Caruana, 2005). Each SGP score ranged from 0 to 1
(with higher scores indicating better gestural performance) and quan-
tifies the certainty or degree to which a performed gesture can be
classified as the respective GC, according to the GRS. A mean score for
the overall sensor-based gestural performance (SGPtotal) was also cal-
culated by averaging the individual SGP per GC over all seven GCs.
The performance of the robot-integrated GRS was evaluated by its
command recognition rate (CRR), defined as the percentage of suc-
cessfully recognized GCs relative to the seven GCs tested. The test ad-
ministrator noted the (un-)successful recognition of each command
directly during the test procedure.
2.10. Statistical analysis
Descriptive data were presented as frequencies and percentages for
categorical variables, and median and interquartile ranges (IQR) and/or
mean and standard deviations (SD) for continuous variables. If a par-
ticipant performed two trials for a GC that both were not successfully
recognized by the GRS, the trial with the highest observational-based
assessment score was used for the statistical analysis of all outcome
measures. In all other cases, the trial with the recognized GC was used.
Differences in outcome measures between pre- (T1) and post-test (T2)
were analyzed using Wilcoxon signed-rank tests. To quantify the mag-
nitude of pre/post-test changes, effect sizes (ES= Z/√N) were calcu-
lated and interpreted as small (0.1 to< 0.3), moderate (0.3 to< 0.5),
large (0.5 to< 0.7), or very large (≥0.7) (Cohen, 1988; Rosenthal,
1996). Associations between (1) participant characteristics (age,
gender, cognitive status [MMSE], physical performance [SPPB], psy-
chological status [GDS-15, FES-I, STAM]) and overall gestural perfor-
mance (OGPtotal, SGPtotal) at T1; (2) system (CRR) and overall gestural
performance (OGPtotal, SGPtotal); (3) participant characteristics (age,
gender, MMSE, SPPB, GDS-15, FES-I, STAM, baseline gestural perfor-
mance [OGPT1, SGPT1]) and relative changes in overall gestural per-
formance (OGPtotal, SGPtotal) over the training phase (T1-T2), and (4)
relative changes in the system (CRR) and overall gestural performance
(OGPtotal, SGPtotal) over the training phase (T1-T2) were analyzed using
Pearson’s, Spearman rank or point-biserial correlation coefficients (r) as
appropriate. Relative changes were calculated as: ((post-test score –
pre-test score)/pre-test score) × 100). Correlation coefficients were
interpreted as trivial (< 0.1), small (0.1 to< 0.3), moderate (0.3
to< 0.5), high (0.5 to< 0.7), very high (0.7 to< 0.9), extremely high
(≥0.9) (Cohen, 1988; Hopkins, Marshall, Batterham, & Hanin, 2009).
The sample size was calculated to be n=25, based on an a priori power
analysis for Wilcoxon signed rank tests comparing T1 vs. T2 gestural
performance scores (Faul, Erdfelder, Lang, & Buchner, 2007), with a
two-sided significance level (α) of 0.05, a statistical power (1-β) of
0.80, and a moderate effect size (Cohen’s dz = 0.6). The expected
moderate effect size was derived from findings of previous studies that
indicated gross motor skill learning in older adults after one session of
semantic instruction and demonstration (Voelcker-Rehage and
Willimczik, 2006; Cohen’s dz = 0.7–1.7) and in cognitively impaired
older adults after a motor learning exercise program including the same
teaching methods and practice conditions as used in the current study
(Werner et al., 2017; Cohen’s dz = 0.5–1.1). A two-sided p-value
of< 0.05 indicated statistical significance. Statistical analysis was
performed using IBM SPSS Statistics for Windows, Version 25.0 (IBM
Corp., Armonk, NY, USA).
3. Results
3.1. Participant characteristics
The study sample included 25 older people (77.9 ± 7.9 years) who
all were dependent in bathing (BI, bathing item=0 pt.). Thirteen (52
%) participants were recruited from the geriatric rehabilitation sports
club, seven (28 %) from nursing homes, and five (20 %) from geriatric
rehabilitation wards. The MMSE score averaged 25.6 ± 3.1 points,
with about half of the participants (n=13, 52 %) having some cog-
nitive impairment (MMSE 17–26 pt.). The sample showed a slightly
impaired ADL status, with a mean BI score of 81.6 ± 8.6 points (Brefka
et al., 2019). The SPPB score averaged 6.1 ± 2.9 points, indicating low
physical performance potentially associated with lower frailty status
and increased fall risk (Guralnik, Ferrucci, Simonsick, Salive, &
Wallace, 1995; Pritchard et al., 2017; Veronese et al., 2014). Most
participants (88 %) had no clinically relevant depressive symptoms
(GDS-15 > 5 pt.). More than the half reported one or more falls in the
previous year (n=14, 56 %). Fear of falling was low (FES-
I= 16–19 pt.) in 4 (16 %), moderate (FES-I= 20–27 pt.) in 9 (36 %),
and high (FES-I= 23−64 pt.) in 12 participants (48 %) (Delbaere et al.,
2010). Almost three out of four participants (n=18, 72 %) reported
concerns about falling while taking a shower or bath (FES-I, bathing
item>1 pt.). Technology acceptance was moderate to high, with mean
scores on the different STAM subscales in the upper half of the scoring
range (see Table 2).
3.2. Training effects on human-robot interaction
Prior to the training phase, the overall gestural performance was
low to moderate, with a median OGPtotal score of 2.4 points (IQR
1.8–2.9) and a median SGPtotal score of 0.60 points (IQR 0.47-0.67)
(Table 3). Only three participants (12 %) performed at least one GC
identical to the demonstrated ones without any movement errors (i.e.,
Table 1
Scoring guide for the observation-based assessment of the gestural performance.
Scores Description of scoring
5 pt. The movement goal of the gesture was achieved. The gesture was correct and identical to the demonstrated gesture.
4 pt. The movement goal of the gesture was achieved, but errors occurred not affecting the trajectory of the gesture (normal movement plane and spatial location of the hand
relative to the body, normal joint coordination and movement shape). Movement was too slow, hesitating, robot-like, and/or sloppy with minor spatial errors such as
reduced or excessive amplitudes or unprecise location of the hand relative to the body.
3 pt. The movement goal of the gesture was achieved, but errors occurred subtly affecting the trajectory of the gesture (imprecise movement plane relative to the body,
inaccurate joint coordination and movement shape), which were corrected. Additions or omissions of movement components (mainly distal) were present. Brief content
errors (substitutions, perseverations, pauses) occurred; however, corrections were made in the ongoing movement.
2 pt. The movement goal of the gesture was achieved, but errors occurred subtly affecting the trajectory of the gesture (imprecise movement plane relative to the body,
inaccurate joint coordination and movement shape), which were not corrected. Additions or omissions of (main) movement components (mainly distal) occurred without
corrections.
1 pt. The movement goal of the gesture was not achieved. Errors occurred seriously affecting the trajectory of the gesture. The final position was false, major errors in the
movement plane, spatial position of the hand relative to the body, joint coordination and movement shape. Overshoot and additional movements (mainly proximal) were
present or the gesture was performed with the wrong hand; however, the overall movement pattern of the gesture remained recognizable (1 point). Persisting
substitutions (related or unrelated to the gesture) and perseverations occur.
0 pt. The movement goal of the gesture was not achieved. No movement, gesture was totally incorrect or so incomplete that it was not recognizable. Seeking and amorphous
movements. No temporal or spatial reference to the requested gesture.
C. Werner, et al. $UFKLYHVRI*HURQWRORJ\DQG*HULDWULFV

OGP score= 5 pt.). The performance of the GRS at pre-test was also
only moderate, with a median CRR of 85.7 % (IQR 50.0–85.7).
3.3. Correlational results
Baseline gestural performance was significantly correlated with
cognitive status (OGPtotal: r= .68, p < .001; SGPtotal: r= .68,
p < .001) and gerontechnology anxiety (OGPtotal: r= .59, p= .002;
SGPtotal: r= .41, p= .041), such that participants with a higher cog-
nitive performance and less anxiety in gerontechnology showed a
higher initial gestural performance at pre-test. High to very high cor-
relation coefficients were observed for these significant correlations,
expect for that between SGPtotal and gerontechnology anxiety (mod-
erate correlation). For all other participant characteristics, there were
no significant correlations with the baseline gestural performance (r=
|.01-.33|, p= .144-.949) (Table 4).
The pre-/post-test change in the OGPtotal score was significantly and
moderately correlated with gerontechnology anxiety (r = -.41,p=
.041), such that those participants with the highest level of ger-
ontechnology anxiety improved most in the overall gestural perfor-
mance. The SGPtotal score tend to confirm this association; however, it
just missed the level of significance (r = -.37, p= .069). In addition,
lower baseline gestural performance was significantly and highly cor-
related with training-induced improvements in the gestural perfor-
mance (OGPtotal, SGPtotal: r=0.52-0.67, p< .001-.008). For all other
Table 2
Characteristics of 25 participants.
Variables
Age, years 77.9 ± 7.9
Sex, females 20 (80.0)
Mini-Mental State Examination, score 25.6 ± 3.1
Geriatric Depression Scale, score 2 [1–3]
Falls Efficacy Scale-International, score 28.8 ± 10.0
Recent history of falls 14 (56.0)
Barthel Index 85.4 ± 11.4
Short Physical Performance Battery, score 6.1 ± 2.9
Technology Acceptance, scorea
Attitudes towards technology (max. 20 pt.) 14.6 ± 5.0
Perceived usefulness (max. 30 pt.) 19.9 ± 8.4
Ease of use (max. 20 pt.) 10.8 ± 5.0
Gerontechnology self-efficacy (max. 20 pt.) 12.2 ± 5.2
Gerontechnology anxiety (max. 20 pt.) 12.5 ± 6.1
Facilitating conditions (max. 50 pt.) 30.3 ± 10.5
Living situation
Community-dwelling 18 (72.0)
Institutionalized 7 (28.0)
Data are presented as mean ± SD, n (%), and median [IQR].
a Higher scores indicates better attitudes towards technology, higher per-
ceived usefulness, greater ease of use, higher gerontechnology self-efficacy,
lower gerontechnology anxiety, and more facilitating conditions.
Table 3
Training effects on the gestural performance of the participants and the performance of the robot-integrated gesture recognition system.
Variables T1 T2 % change p-value Effect size
Gestural performance
Observation-based performance scores [pt.]
Wash back 2.3 ± 1.4
2.0 [1.0–4.0]
3.0 ± 1.7
4.0 [2.0–4.0]
.026 0.45
Higher temperature 2.2 ± 1.2
2.0 [1.0–3.5]
3.4 ± 1.2
4.0 [2.0–4.0]
.001 0.66
Lower temperature 2.9 ± 1.3
4.0 [2.0–4.0]
3.6 ± 1.3
4.0 [3.5–4.0]
.017 0.48
Scrub back 2.1 ± 1.9
1.0 [0.5–4.0]
3.6 ± 1.6
4.0 [2.5–5.0]
.002 0.63
Repeat 1.4 ± 1.0
1.0 [1.0–2.0]
2.3 ± 1.2
2.0 [2.0–3.0]
.001 0.64
Stop 2.2 ± 1.3
2.0 [1.0–3.5]
3.2 ± 1.2
4.0 [2.0–4.0]
.005 0.57
Halt 3.1 ± 1.4
3.0 [2.0–4.0]
4.2 ± 1.3
5.0 [4.0–5.0]
.001 0.69
Total performance 2.3 ± 0.8
2.4 [1.8–2.9]
3.3 ± 0.8
3.6 [2.9–3.9]
+57.1 ± 56.2
38.1 [18.9–82.1]
< .001 0.84
Sensor-based performance scores [pt.]
Wash back 0.45 ± 0.33
0.43 [0.06–0.76]
0.54 ± 0.33
0.63 [0.21–0.84]
.069 0.36
Higher temperature 0.56 ± 0.33
0.63 [0.18-0.88]
0.77 ± 0.32
0.95 [0.72-0.98]
.003 0.59
Lower temperature 0.68 ± 0.36
0.83 [0.32–0.98]
0.80 ± 0.27
0.94 [0.60–0.98]
.034 0.42
Scrub back 0.35 ± 0.32
0.23 [0.04–0.66]
0.69 ± 0.30
0.83 [0.58–0.90]
< .001 0.79
Repeat 0.40 ± 0.40
0.24 [0.02–0.91]
0.68 ± 0.41
0.92 [0.24–0.98]
.022 0.53
Stop 0.66 ± 0.38
0.86 [0.33–0.98]
0.81 ± 0.31
0.98 [0.82–1.00]
.010 0.51
Halt 0.67 ± 0.33
0.85 [0.39–0.96]
0.79 ± 0.29
0.92 [0.78–0.96]
.211 0.25
Total performance 0.56 ± 0.21
0.60 [0.47–0.67]
0.73 ± 0.18
0.80 [0.60–0.87]
+51.1 ± 74.4
27.6 [13.2–47.0]
< .001 0.79
GRS performance
CRR [%] 70.3 ± 24.0
85.7 [50.0–85.7]
84.6 ± 21.8
100 [71.4–100]
+31.9 ± 51.2
16.7 [0–40.0]
.003 0.59
Data are presented as mean ± SD and median [IQR]. P-values were given for Wilcoxon signed-rank tests. Effect sizes were calculated as Z/√N. GRS, gesture
recognition system; CRR, command recognition rate.
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participant characteristics, there were no significant correlations with
the changes in the overall gestural performance (r= |< .01-.33|,
p= .109-.987).
Very high to extremely high significant correlations were obtained
between the gestural performance and CRR at pre-test (OGPtotal:
r= .94, p < .001; SGPtotal: r= .83, p < .001) and post-test (OGPtotal,
SGPtotal: r=0.81, p < .001) (Table 5). The improvement in the overall
gestural performance of the participants was also significantly and
highly correlated with the improvement in the CRR of the robot-in-
tegrated GRS (OGPtotal, SGPtotal: r=0.80-0.81, p < .001).
4. Discussion
The present study aimed to provide a more in-depth understanding
of the human side of the gesture-based HRI between an assistive
bathing robot and potential end-users. Being representative of the po-
tential user group of the bathing robot, we recruited older people with
bathing disability and evaluated the effects on the HRI of a user training
specifically designed and tailored to the needs and requirements of this
population to improve their performance in interacting with the robot
using GCs. In addition, we investigated whether the gestural perfor-
mance and training response were associated with individual
differences in participant characteristics and whether training-induced
improvements in the gestural performance would lead to a better per-
formance of the GRS in recognizing the participant’s GCs.
Our results clearly indicate that the user training was highly bene-
ficial for improving the gesture-based HRI between the assistive bathing
robot and the participants. Lower cognitive performance and higher
gerontechnology anxiety were identified to negatively affect the parti-
cipants’ initial gestural performance. However, lower cognitive per-
formance did not influence their training response, and higher initial
gerontechnology anxiety was associated with even greater benefits in
the gestural performance over the training phase. The participants who
benefited the most from the user training were those with the lowest
initial gestural performance at baseline. For both testing sessions, as
well as for the changes between pre- and post-test, the performance of
the robot-integrated GRS was found to be closely related to the gestural
performance of the participants.
4.1. Training effects on human-robot interaction
Due to the common lack of experience of older adults in interacting
with a robot (Smarr et al., 2012, 2014), potential age-related limita-
tions in cognitive abilities relevant for gesture-based HRI, and previous
findings on gesture-based HRI for an assistive mobility robot in a si-
milar population (Efthimiou et al., 2016), the initial gestural perfor-
mance of the participants at pre-test was expected to be rather low. Our
results confirmed this expectation, with only low to moderate gestural
performance scores and a very small number of participants (3 out of
25) performing any GC without errors after the brief introduction be-
fore pre-test. This finding indicates that a single, brief introduction in
gesture-based HRI with an assistive robot does not seem to be sufficient
to ensure adequate quality of a user’s input for such interaction in frail
older adults with some levels of cognitive impairment. As the robot-
integrated GRS depend on an adequate quality of the user’s input, the
low to moderate gestural performance was directly translated into an
only moderate CRR, leading to an overall rather unsatisfying HRI at
pre-test. To overcome these user-related issues of the HRI and to im-
prove the gestural performance of the participants, a user training on
HRI was implemented including teaching methods that have already
been demonstrated to be effective for learning motor tasks in older
people with cognitive impairment (van Halteren-van Tilborg et al.,
2007; Werner et al., 2017). Significant improvements in almost all
outcome measures – with predominantly large effect sizes – confirmed
our primary study hypothesis that such training improves the partici-
pants’ movement execution of the GCs, leading to an improved CRR of
the robot-integrated GRS, and thus also to an overall improved HRI.
Improvements in the gestural performance were documented by
different outcome measures. We developed and used a standardized
clinical observation measure for which the scoring method was derived
from an established and valid clinical test for gesture production
(TULIA) (Vanbellingen et al., 2010), as well as sensor-based perfor-
mance scores recorded by the robot-integrated GRS. The latter was
chosen to substantiate the training effects documented by observation-
based outcomes by technically measured, more objective outcomes.
Further, this approach of using the already existing data flow of the
robot-integrated sensing technique for assessment purposes has been
recommended for the evaluation of HRI with assistive robots, allowing
for highly specific assessments exactly tuned to the robot’s functionality
to be evaluated (Werner, Ullrich, Geravand, Peer, & Hauer, 2016).
4.2. Correlational results
Consistent with our hypothesis, lower initial gestural performance
was significantly associated with lower cognitive status and more ne-
gative feelings toward technology, highlighting the relevance of the
user’s cognitive abilities for gesture-based HRI as well as the previously
reported relationship between a user’s emotions toward the robot and
Table 4
Correlations of participant characteristics with pre-test gestural performance
(T1) and relative pre-post changes in gestural performance (T1-T2).
Participant characteristics T1 T1-T2: % change
OGPtotal SGPtotal OGPtotal SGPtotal
Age .07 −.01 −.17 .01
Sexa .21 .26 −.18 −.22
Mini-Mental State Examination .68*** .68*** −.28 −.24
Geriatric Depression Scale −.29 −.26 −.02 .05
Falls Efficacy Scale-International −.06 −.04 −.02 −.01
Short Physical Performance Battery −.17 −.33 .19 .33
Technology Acceptance
Attitudes towards technology .22 .15 .09 .08
Perceived usefulness .28 .32 .04 .06
Ease of use .07 .18 −.09 −.16
Gerontechnology self-efficacy .16 .24 −.13 −.19
Gerontechnology anxiety .59** .41* −.41* -.37+
Facilitating conditions .23 .35+ −.03 −.09
Baseline gestural performance
OGPtotal −.67***
SGPtotal −.52**
Correlations were given as Pearson’s, Spearman rank or point-biserial correla-
tion coefficients (r) as appropriate.
+ p<0.10.
* p<0.05.
** p<0.01.
*** p<0.001.
Table 5
Correlations between the performance of the robot-integrated gesture re-
cognition system and the gestural performance of the participants.
CRR OGPtotal SGPtotal
T1 T2 T1-T2: %
change
T1 T2 T1-T2: %
change
T1 .94*** .83***
T2 .81*** .81***
T1-T2: %
change
.81*** .80***
Correlations were given as Pearson’s or Spearman rank correlation coefficients
(r) as appropriate.
*** p<0.001. CRR, command recognition rate; OGP, observation-based
gestural performance; SGP, sensor-based gestural performance.
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the quality of HRI (Broadbent et al., 2010). According to that, training
programs to improve the quality of a user’s input for HRI seem to be of
particular importance in older adults with lower cognitive status and
higher technology anxiety.
Higher gerontechnology anxiety was identified to be significantly
associated with higher training gains in the gestural performance. This
might be related to the fact that participants with a general higher
anxiety towards technology may have been initially also more anxious
toward the assistive bathing robot; however, as emotions toward a
robot have been shown to improve with increasing user experience
(Engelhardt & Edwards, 1992; Louie et al., 2014), the experience with
the robot at pre-test may have reduced the anxiety in these participants,
which in turn may have had a beneficial side effect on the gestural
performance in participants with higher technology anxiety in addition
to the specific training effect.
As hypothesized, the lower initial gestural performance was also a
significant factor for higher training gains in the gestural performance,
which is in accordance with the rate-dependency phenomenon and
general training principles (Dews, 1977; Haskell, 1994; Snider et al.,
2016). This suggests that the participants with the lowest initial ges-
tural performance could also be successfully trained in the GCs and
even represented those that benefitted most from the user training.
In contrast, improvements in the gestural performance over the
training phase were not significantly associated with the participants’
cognitive status in our study, suggesting that a positive training re-
sponse can also be achieved in older adults with mild-to-moderate
cognitive impairment. This might especially be explained by the fact
that we applied specific teaching methods and practice conditions in
the user training which have been shown to be effective for learning
other motor tasks in older adults with cognitive impairment (van
Halteren-van Tilborg et al., 2007; Werner et al., 2017).
Finally, higher gestural performances were closely related to higher
CRRs at pre- and post-test, supporting our hypothesis and highlighting
the high dependence of the robot-integrated GRS on the quality of a
user’s input for successful gesture recognition. The high extent by which
improvements in the gestural performance parallel improvements in the
CRR further emphasizes this dependence and suggest that improving
the gestural performance of the users is directly translated into im-
provements in the CRR, leading to an overall improved HRI.
5. Limitations
This study has some limitations. First, the sample size was rather
small, limiting the statistical power and generalizability of the results
and the ability to perform multiple regression analyses. Second,
training effects might not be generalizable to gesture-based HRI with
another assistive robot. However, the predefined set of GCs for the
assistive bathing robot included various GCs, suggesting that our
training approach might be beneficial to improve the gestural perfor-
mance of older users also for gesture-based HRI with other assistive
robots. Third, as a quasi-experimental pretest-posttest study with no
control was performed, training effects cannot unequivocally be at-
tributed to the user training. Improvements in the CRR were, however,
highly associated with those in the gestural performance, suggesting at
least a causal relationship between improving the quality of a user’s
GCs and improving the CRR and overall HRI, respectively, which was
the starting point of this study. Fourth, the study did not include a
follow-up, and therefore the sustainability of training effects remains
unclear. Future studies should investigate whether potential users are
able to remember and correctly perform the GCs also after long periods
of time or whether recurrent training sessions are necessary to ensure
an adequate gestural performance for long-term successful HRI.
6. Conclusions
The present study reveals that providing a user training specifically
tailored to the needs of potential robot users to improve their GCs is
highly beneficial for gesture-based HRI with an assistive bathing robot.
Our results demonstrated that improved gestural performance is di-
rectly translated into better technical performance of the robot-in-
tegrated GRS, leading to an overall improved gesture-based HRI.
Training benefits can also be achieved in persons with mild-to-mod-
erate cognitive impairment. Older users with low initial gestural per-
formance and more negative feelings toward technology may even
benefit the most from a tailored user training. Current findings high-
light that for improving gesture-based HRI between assistive robots and
older users, future developments and studies in this field should focus
not only on refining technical aspects of the robot but also on improving
the quality of a user’s input by training. Training procedures may be
particularly effective when considering the individual resources and
limitations of potential users. The presented user training may re-
present a model for training older adults in gesture-based HRI with an
assistive robot.
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